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Toxicity of metals to aquatic organisms is dependent on both external factors, such as 
exposure concentration and water quality parameters, and intracellular processes 
including specific metal-binding sites and detoxification. Current models used to 
predict copper toxicity in microalgae do not adequately consider these intracellular 
processes. This thesis examines the toxicity of copper towards microalgae by 
investigating intracellular copper-binding ligands, including proteins, phytochelatins 
and glutathione from four species of marine microalgae, Dunaliella tertiolecta, 
Tetraselmis sp., Phaeodactylum tricornutum and Ceratoneis closterium, in controls (no 
added copper) and throughout a 72-h exposure to copper to their respective IC50 
values (concentration of copper required to inhibit population growth by 50%). IC50 
values were chosen to represent equal amount of cellular stress across the four 
species despite their differences in copper tolerance. 
Copper-binding proteins were investigated by immobilised metal affinity 
chromatography (IMAC) using Cu2+ as the bound metal (i.e. Cu-IMAC). Cu-IMAC bound 
proteins were subsequently analysed by SDS-PAGE, comparing proteins recovered 
from algae that were exposed to copper versus untreated control cells. Individual 
proteins for which copper exposure resulted in changes to proteins present were 
excised from gels and further analysed by nano LC ESI-MS/MS; proteins were identified 
using the Mascot database.  This study identified several proteins that may play an 
active role in responses to copper toxicity in marine microalgae. Proteins identified 
included heat-shock proteins, rubisco, α- and β-tubulins and ATP synthase (β subunit).  
Despite similar copper tolerance for P. tricornutum and C. closterium, differences in 
internalised copper, phytochelatin production and reduced glutathione were 
observed. P. tricornutum maintained reduced glutathione at 58 - 80% of total 
glutathione levels throughout, whereas in C. closterium reduced glutathione 
constituted <10% of total glutathione after 48 h of copper exposure. P. tricornutum 
produced more phytochelatins and of longer chain length than C. closterium despite 
the latter internalising significantly more copper. Two green algae, D. tertiolecta and 




internalised copper, phytochelatin production and reduced glutathione 
concentrations. Tetraselmis sp. internalised three times more copper than D. 
tertiolecta and had significantly more intracellular thiols. In both species a decrease in 
the reduced:oxidised glutathione ratio was observed following copper exposure. 
Phytochelatin production was markedly different between acute (< 24 h) and chronic 
exposures (24 – 72 h), with shorter chain lengths dominating for chronic exposures. 
Reduced glutathione (as a percentage of total glutathione) increased slightly at longer 
exposures in both species, potentially indicating a decrease in intracellular oxidative 
stress despite a consistent increase in intracellular copper. 
This work has shown that the intracellular reaction to copper is species specific, and 
responses were not necessarily related to their respective tolerances, nor the amount 
of intracellular copper. Phytochelatin concentrations were not proportional to 
intracellular copper concentrations. Ratios of reduced to oxidised glutathione and 
phytochelatin concentrations did not explain copper tolerance. The results from this 
thesis suggest that there may be multiple modes of copper toxicity and detoxification 
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Chapter 1: Introduction 





1.1 Context Statement 
At present, metal toxicity is generally predicted by models including the gill-surface 
interaction model (GSIM) (Pagenkopf, 1983) in fish, the free ion activity model (FIAM) 
(Brown and Markich, 2000; Morel, 1983) and the biotic ligand model (BLM) (Di Toro et 
al., 2001; Santore et al., 2001). These models are based on a limited understanding of 
the mechanisms of metal toxicity and detoxification. For example, the BLM assumes 
that the metal-ligand interaction does not alter the biotic ligand itself and does not 
provide any insight into the nature of the ligand. Thus, such models might not always 
accurately predict metal toxicity in different environments. Therefore, there is a need 
to identify the intracellular ligands with which metals interact in aquatic organisms to 
better understand the mechanisms of metal toxicity and to improve the prediction of 
toxicity. Copper is a contaminant of concern for water quality in Australia and New 
Zealand, as it has long residence times and toxicity can be observed at only slightly 
elevated concentrations. 
Intracellular ligands such as glutathione, phytochelatins and other thiols have been 
hypothesised to be important in metal detoxification and homeostasis (Cobbett and 
Goldsbrough, 2002; Monostori et al., 2009). Studies have shown variability in 
intracellular thiols between species with different metal sensitivities (Ahner et al., 
1995; Howden et al., 1995; Lavoie et al., 2009) further prompting investigations into 
their involvements in the metal detoxification process. The mechanism of this thiol-
mediated metal detoxification process has not yet been elucidated. 
1.2 Metals in the environment 
1.2.1 Essential and non-essential elements 
Within every living cell, complex reactions are taking place that allow life to continue 
and indeed to flourish. Many of these reactions rely on one or more elements to 
complete their various biological functions; these elements therefore are termed 
‘essential elements’. Elements that have no known biological function are termed non-
essential elements. The absence of essential elements can affect the health of a cell or 
organism. Elevated concentrations of essential elements and non-essential elements 




of trace metals including Se, Zn, Cu, Fe, Mn, Mo, Cr and Co (Aggett, 1985)) and must be 
adsorbed or consumed in the diet. Organisms have evolved ways to acquire and in 
some cases accumulate these elements (Torres et al., 2008). Although an element may 
be essential, it can induce toxicity at concentrations only slightly elevated from optimal 
conditions (Johnson et al., 2007). Non-essential elements include Hg, Cd, Pb, Pt, Ag, 
Au, Pd (Luoma and Rainbow, 2008) which have no known nutritive value to an 
organism and may produce toxic symptoms even at very low concentrations (Bridges 
and Zalups, 2005). These elements often gain entry to an organism by mimicking 
essential elements and complexes of essential elements (Bridges and Zalups, 2005). 
Although considered a non-essential element cadmium has been shown to substitute 
for zinc in Thalassiosira weissflogii when grown in zinc-deprived growth media. T. 
weissflogii cells were able to grow at 90% of their maximum growth rate when 
supplemented with cadmium in a zinc deficient media (Price and Morel, 1990).  
1.2.2 Sources of metal pollution 
Archaeological evidence suggests human exploitation of metals started around 
7000 BCE, in the form of copper smelting.  Extraction of minerals and processing for 
metal purification has increased dramatically since the 19th century and has led to an 
increase in the release of metals into the atmosphere and waterways. In terms of 
contaminants metals are particularly problematic as they do not degrade and must be 
removed or isolated from an environment to remediate contamination issues (Wang et 
al., 2004). Metal contamination comes from a variety of sources, both natural and 
anthropogenic (Figure 1.1). Whilst metals exist naturally in the environment, 
anthropogenic contributions exceed natural sources 10 to 100-fold (Payne and Price, 
1999). Discharges from mining, irrigation, domestic and industrials effluents, runoff 
and combustion of fuels all contribute to metal contamination in the environment 
(Ansari et al., 2004; Luoma and Rainbow, 2008; Qian et al., 2009). Whether the 
discharge is direct from a point source or indirect through means such as runoff and 
sediment disturbance, a large proportion (30-40%) of the metals produced or released 





Figure 1.1: Natural and anthropogenic sources of metals in the aquatic environment 
(Foster and Charlesworth, 1996) 
1.2.3 Metal cycling and metal speciation 
Metals are not confined to one environmental compartment; they cycle between 
aquatic, terrestrial and atmospheric environments.  Within the aquatic ecosystem the 
proportion  and speciation of metals is dependent on a number of parameters 
including particle size, organic/inorganic ligands present, salinity, dissolved organic 
carbon and pH. Total metal concentration is usually partitioned into three groups, 
particulate (> 0.45 µm), colloidal (1 nm – 0.45 µm) and dissolved metal species (≤ 1 
nm) (Tercier-Waeber and Taillefert, 2008). Metal cycling between sediments and 
aquatic ecosystems is illustrated in Figure 1.1. The speciation, i.e. the form, of the 
metal plays a key role in bioavailability, residence times and transport of the metal 
from the water column to the sediment. Once metals are in the sediment they can be 
buried or they can be remobilised through a number of processes (Figure 1.2) 
(Garbarino et al., 1995; Tercier-Waeber and Taillefert, 2008). The ligands available for 
metal binding, and therefore the speciation of the metal, are affected greatly by the 






Figure 1.2: Trace metal cycling in the environment (Garbarino et al., 1995) 
 
1.2.4 Metal speciation and bioavailability 
Redox active metals and metalloids exist in multiple oxidation states, and the 
speciation and bioavailability varies between oxidation states (Sunda, 1989). For 
example, arsenate (As(V)) and arsenite (As(III)) are two oxidation states of arsenic that 
have different levels of toxicity. As(V) is generally considered to be more toxic than 
As (III) (Fulladosa et al., 2004). Likewise chromium’s most common oxidation states, 
Cr (VI) and Cr (III), have different toxicities. Cr (VI) is more toxic, due to its increased 
bioavailability and ease of uptake into cells, where it is ultimately reduced to Cr (III). 
Cr (VI) in the form of sodium dichromate was transported into mammalian cells 
through the carboxylate, sulfate and phosphate pathways (Dayan and Paine, 2001).  
Cr(III) in the environment is less mobile, predominately bound to organic matter and 
not readily internalised into cells, its lower bioavailability makes Cr (III) less toxic 




In natural waters most metals exist as complexes with very little metal existing as the 
free metal ion form. The distribution of these complexes is known as metal speciation 
and various models exist to predict the amount of free metal ion available under 
different water quality characteristics. The oxidation state of the metal, relative 
concentrations of metal ligands as well as the pH determine the metal speciation 
(Prasad, 2004). In freshwaters, water hardness, alkalinity, salinity, dissolved oxygen, 
temperature, concentrations of phosphate and calcium affect bioavailability and hence 
toxicity of metal contaminants (Rai et al., 1981). Seawater is a particularly complex 
media, and nutrient and ligand concentration vary with location (open ocean, coastal 
or estuarine waters) and depth (surface or deep water). In near-surface waters of 
unpolluted seawater more than 99% of copper present is complexed with organic 
ligands and other metals such as zinc are also highly complexed (Sunda, 1989). As with 
freshwaters, highly complexed metals in seawater tend to be less bioavailable (Sunda, 
1989).  An overview of metal speciation in seawater and the driving factors is 
illustrated in the schematic in Figure 1.3 (Ansari et al., 2004). 
Metal speciation is important as different species have different bioavailabilities and 
therefore different toxic effect to organisms. The free metal ion activity is an important 
factor in predicting metal bioavailability, as it tends to be the most bioavailable, and 
thus toxic, constituent and is the basis of the Free Ion Activity Model (FIAM) (Campbell 
et al., 2002). The FIAM seeks to predict the bioavailable fraction of the total metal 
content based on the proportion in the free ion state. This model does not always 
accurately predict the bioavailable fraction as in some instances the bound or 
complexed metal is more toxic than the free metal ion (Slaveykova and Wilkinson, 
2005). The Biotic Ligand Model (BLM) takes the FIAM a step further and examines the 
interaction of the metal species with various biomolecules at the biotic ligand; this is 
important as in order for metals to be internalised they must first interact with the 









This research focuses on copper as it is an essential element, and plays a critical role in 
many biological processes, as well as being a contaminant of concern for water quality 
in Australia and New Zealand  (ANZECC/ARMCANZ, 2000). Copper is of particular 
concern due to its long residence time in aquatic systems, and observed toxicity at only 
slightly elevated concentrations (Levy et al., 2007; Stauber and Davies, 2000). 
Copper is an essential trace nutrient that is an important cofactor of many proteins 
and enzymes including: plastocyanin, a photosynthesis electron transport enzyme; 
cytochrome c oxidase, a mitochondrial electron transport enzyme; ascorbate oxidase, 
an ascorbic acid oxidation and reduction enzyme; and superoxide dismutase, an 
antioxidant enzyme (Richardson et al., 1975; Sunda, 1989). However, even 





















































































2008). Over the last century, the increasing use of copper in industrial activities e.g. 
antifouling paints, algicide, fertilizer and pesticides (Stauber and Davies, 2000) and its 
presence in mining by-products, have seen an increase in the amount of copper being 
released into the aquatic environment (Jonsson and Aoyama, 2010). Generally copper 
is more bioavailable as a free metal ion or as part of a weak or labile complex. Lipid 
soluble copper complexes have also exhibited high levels of toxicity due to their 
relative ease in entering the cell (Stauber and Davies, 2000). 
Open ocean surface waters typically have copper concentrations in the range 0.03-0.15 
µg/L, while coastal waters are slightly higher (0.09-0.3 µg/L) (Apte et al. 1995, Bately, 
1995, Sunda, 1989). Whist highly contaminated estuarine sites can reach copper 
concentrations of up to 14 µg/L (Hall and Anderson, 1999) Mine impacted river 
contamination sites have been observed to have copper concentrations as high as 40 
µg/L dissolved and 400 µg/L total copper (Carpenter et al., 1991). Concentrations in 
estuaries in Sydney, Australia were found to range from <0.2 µg/L in the pristine Clyde 
River to 2.8 µg/L in the highly urbanised Cooks River (Melville and Pulkownik, 2006). 
1.2.6 Remediation and Water Quality Guidelines 
Water quality guideline trigger values for toxicants aim to protect 95% of the species 
that live in the aquatic ecosystem. The Australia/New Zealand trigger values outlined 
(Table 1.1 (ANZECC/ARMCANZ, 2000)) are designed to safeguard the majority of 
biological species, however they are not absolute ‘cut-off’ limits. If a measured value 
exceeds the trigger value, this sets off a multi-tiered system that seeks to understand 
the true impact of the contaminant (Figure 1.4). The first stage in the multi-tiered 
system is to examine other site-specific factors which may impact on contaminant 
toxicity including, background levels, water quality characteristics, dissolved 
concentrations and locally important species. If the adjusted trigger value is still 
exceeded then biological assessments may be carried out to determine the toxicity of 
the water source to relevant biological species. If the contaminant causes toxicity, 
adaptive management approaches can be used to reduce the contaminant 




The ANZECC/ARMCANZ guidelines acknowledge the differences in fresh and marine 
waters, and accordingly have different trigger values for each (Table 1.1). The trigger 
value for copper in freshwaters is 1.4 µg Cu/L and in marine waters is 1.3 µg Cu/L (95% 
species protection with 50% confidence). The bioavailability of copper in freshwater is 
greatly impacted by water hardness and a variety of trigger values are suggested, for 
extremely hard waters trigger values of up to 12.6 µg Cu/L are applied (Table 1.1). 
However research clearly shows that some species are sensitive to contaminant 
concentrations below these trigger values and populations could be significantly 
affected (Levy et al., 2007). There are many factors that determine the toxicity of the 
contaminant, many of which are species specific and therefore the choice of biological 
test species can alter the perceived toxicity of the contaminated site. Therefore more 
research examining the mode of action of copper toxicity is required to further refine 
these guideline trigger values and more adequately protect our aquatic ecosystems. 
Table 1.1: Australia and New Zealand trigger values for copper concentrations in 
natural waters (ANZECC/ARMCANZ, 2000) 
 Marine (µg/L) Freshwater (µg/L) 
Trigger value (95% protection) 1.3 1.4 
Hardness correction mg/L as CaCO3  
Soft 30 n/a 1.4 
Moderate 90 n/a 3.5 
hard 150 n/a 5.5 
Very hard 210 n/a 7.3 










1.3 Toxicity Testing 
1.3.1 Chronic and acute toxicity testing 
Toxicity testing of waters is usually performed on a range of organisms, covering 
several trophic levels, including bacteria, algae, plants, invertebrates and vertebrates. 
Toxicity tests can measure a large range of endpoints with either acute or chronic 
effects. The trigger values outlined in the ANZECC/ARMCANZ guidelines are set for 
chronic toxicity tests. Acute toxicity endpoints measure immediate effects as a result 
of a single or short-term exposure; they are relatively short compared to the lifespan 
of the organism and measure lethal endpoints or sublethal endpoints such as enzyme 
inhibition. Chronic toxicity tests measure endpoints that cover continual exposure over 
a significant portion of the organism’s lifespan or several generations and are 
therefore tailored for individual species to account for the differences between species 
life cycles (Buikema et al., 1982). Chronic toxicity tests allow measurement of sub-
lethal endpoints such as growth, reproduction, changes in behaviour, changes in cell 
size and any other sub-lethal effect (Stauber and Davies, 2000). Chronic bioassays are 
usually more sensitive than acute tests, and additionally acute tests are more difficult 
to interpret in terms of long-term effects on the environment. For these reasons 
chronic bioassays, despite being substantially more complex and expensive to perform, 
are considered more relevant and are preferred in the derivation of guidelines for 
metal toxicity (Buikema et al., 1982; Stauber and Davies, 2000). 
Plants and algae are uniquely adapted to toxicity testing. They are important primary 
producers, at the base of the aquatic food chain and bioaccumulation pathways, thus 
they are highly ecologically relevant toxicity test species. Being unicellular they are in 
direct contact with the contaminant meaning that algae are typically more sensitive to 
the presence of pollutants than higher organisms (Ahner et al. 1994, 2002). 
Toxicity tests have been carried out on a wide range of organisms in the aquatic 
environment including vertebrates (e.g. fish), invertebrates (e.g. amphipods, bivalves, 
copepods), plants, algae and bacteria (Franklin et al., 2001; Girling et al., 2000). 
Logistically chronic tests can be problematic for higher order organisms whose 




require comparatively long tests. One alternative is the use of sensitive early life 
stages, e.g. larval development, which are considered surrogates for chronic tests in 
Australia and New Zealand. Exposure pathways for higher order organisms are also 
more complicated as the need to account for diet and bioaccumulation effects as well 
as direct exposure in interpreting the data (Rainbow and Smith, 2013). Bacteria and 
algae, however have relatively short generation times, minutes for bacteria, and 
tropical and temperate algae typically divide at least once per day (Girling et al., 2000; 
Stauber and Davies, 2000). Another logistical consideration is the suitability of the 
organism to laboratory culture, as maintaining a culture can allow adequate numbers 
of suitable individuals, and species are often chosen based on their ease of laboratory 
culture (Hook et al., 2014). 
1.3.2 Microalgae 
Marine microalgae (in combination with other phytoplankton) are responsible for 
almost 50 % of the planet’s photosynthesis (CO2 fixation), as well as a number of other 
critical processes, such as nitrogen fixation and phosphorus metabolism (Fernandes 
and Henriques, 1991). Microalgae are among the most sensitive species to copper 
(Levy et al., 2007, Ahner et al. 1994). It is, therefore, important to understand how 
copper affects marine microalgae, with subsequent direct and indirect effects on 
higher trophic levels. Working with microalgae also does not require animal ethics 
approval (Stauber and Davies, 2000). 
Microalgal chronic toxicity tests typically measure the cell division rate or cell yield 
over 48-96 h and have been shown to be sensitive indicators of environmental change 
(Franklin et al., 2005). The ability of algae to tolerate metal exposure varies 
considerably between species. Some species are remarkably tolerant, able to cope 
with metal concentrations hundreds of times above background; others are quite 
sensitive, requiring only sub nM concentrations to be adversely affected (Ahner et al., 
1995). Previous work looking at a variety of species showed that cell size, 
extracellularly bound copper and internalised copper did not explain differences in 
copper sensitivity of microalgae (Levy et al., 2008). This previous research and other 




contribute to the ability of a cell to tolerate metal exposure ( Payne and Price, 1999; 
Scheidegger et al., 2011). It is well-established that cell-metal interactions can lead to 
oxidative damage, particularly when redox active metals are involved (Gratão et al., 
2005; Tsuji et al., 2002; Zenk, 1996). Plant and animals cells have evolved to produce 
various metal binding ligands which can serve a regulatory role or as a defence 
response to the presence of excess or toxic free metal ions (Grill et al., 1987; Zenk, 
1996).  
In the cell cytosol, it is believed that the majority of copper is quickly bound by 
chaperones and transporter proteins with an affinity for copper (Merchant et al., 
2006). Like other essential metals, copper is tightly regulated within the cell and is 
actively transported to organelles (in higher plants) where it plays a role in cellular 
function (Wolfe-Simon et al., 2005). Alternatively, copper can be sequestered in 
granules/vacuoles (Merchant et al., 2006; Yadav, 2010). Adams et al. (submitted) 
showed using synchrotron analysis that the location of copper in an algal cell is highly 
correlated with that of sulfur and phosphorus. Sulfur becomes incorporated into 
proteins within the amino acids cysteine and methionine. Non-protein sources of 
sulfur include glutathione (which constitutes the highest non-protein thiol within a 
cell) and phytochelatins (Ahner et al., 2002; Mendoza-Cózatl et al., 2005). Intracellular 
metals may be accumulated in specific organelles within the cell, e.g. subcellular 
fractionation of algal cells showed that cadmium was predominately in the organelle 
and the heat stable protein fractions (Lavoie et al., 2009). This heat stable protein 
fraction contains the plant defence ligands, phytochelatins, which are known to bind 
metals and sequester them into a less bioavailable form (Yadav, 2010). The fact that 
copper enters the cytosol first, prior to being bound by ligands and redistribution in 
the cell, suggests that it is appropriate to target copper-ligand binding in the 
cytoplasm. There are a great many number of potential binding ligands for copper 
within a cell including proteins, enzymes and thiol-rich polypeptides such as 
glutathione and phytochelatins. Determining which proteins within a cell have an 
affinity for copper provides a starting point for determining the major copper-binding 




1.4 Immobilised Metal Affinity Chromatography (IMAC) 
A range of techniques exist to isolate proteins within a cell, however, size based 
approaches such as size-exclusion chromatography and SDS-PAGE (sodium dodecyl 
sulfate polyacrylamide gel electrophoresis) are not specific towards metal affinity in 
proteins. As such, a technique known as Immobilised Metal Affinity Chromatography 
(IMAC) was investigated for use in this study. 
1.4.1 Principles of IMAC 
IMAC as a technique for purification of biomolecules was first presented by Porath et 
al.  (1975) under the name ‘metal chelate affinity chromatography’ and later it was 
renamed ‘Immobilisation Metal Affinity Chromatography’ (Sulkowski, 1985). They 
proposed that the affinity of proteins for metals could be used as a purification 
technique when used in conjunction with modern chromatographic techniques (Porath 
et al., 1975). The IMAC column retains proteins based on the interactions with the 
metal ions on the surface with a high specificity, allowing quick easy purification of 
even complex biological samples (Hage et al., 2012). The technique utilises chelating 
compounds which are covalently bound to the solid phase (Gaberc-Porekar and 
Menart, 2001) usually using spacer arms which allow the metal ions better access to 
the proteins and increase the ease and likelihood of them binding (Gordon, 1992). The 
chelating compounds covalently bound to the resin entrap the metal ions (Gaberc-
Porekar and Menart, 2001) whilst still leaving one or more binding sites free for 
binding to proteins and other compounds (Ueda et al., 2003). 
Metal cations bind preferentially to certain types of ligands, and these preferential 
interactions are described by the hard and soft acid/base theory (HSAB). The metal 
cations act as Lewis acids and the ligand acts as a Lewis base. When a metal is 
dissolved in water, the water acts as the ligand and occupies its binding sites and can 
be replaced by a stronger base (ligand) thereby forming a metal complex (Sulkowski, 
1985). The metal ‘acids’ can be classed as hard, soft or borderline/intermediate, the 
same is true for the ligand ‘bases’. The hardness of the metal acids is greatly affected 
by their oxidation states (Pearson, 1968b) e.g. Cu2+ is a borderline acid, whereas Cu+ is 




metal cation. A short list of some of the occupants of each class is shown below in 
Table 1.2. Broadly speaking hard acids prefer hard bases, soft acids prefer soft bases 
and intermediate or borderline cases prefer other intermediate or borderline cases. 
Table 1.2: An example of the classification of acids and bases into Hard, Soft or 
Intermediate (adapted from Pearson (1968a)) 
 
Ligands containing a nitrogen, oxygen or sulfur atom within a molecule, have a free 
pair of electrons with which to bind to the metal, these are called monodentate 
ligands. If two or more of these exist within the ligand at accessible sites to the metal 
then the ligand is a polydentate ligand (Sulkowski, 1985). Whilst both histidine and 
cysteine are known to bind to metal ions and form stable complexes (Porath et al., 
1975), it is mainly the histidines that are involved in protein retention on the IMAC 
column. There are a few reasons for this, firstly that histidine has the strongest affinity 
for metal ions of all the amino acids (Ueda et al., 2003). Secondly, cysteines are often 
involved in the tertiary structure of the protein (in di-sulfide bonds) and are thus 
unavailable for binding to a metal ion, those that are free are rarely on the surface in 
positions where they can interact with the metal ion (Chaga, 2001; Gaberc-Porekar and 
Menart, 2001). Thus IMAC is often a measure of the topographic position of histidines 
on the surface of the protein molecule (Sulkowski, 1985) and there exists a strong 
correlation between the strength of binding to the column and the number of 
accessible histidines (Gaberc-Porekar and Menart, 2001). At higher pHs the N terminus 
of the protein can also bind to the metal ions as it becomes deprotonated and as a 
result has a free binding site (Chaga, 2001; Gaberc-Porekar and Menart, 2001). The 
possession of a metal binding site in a protein is not always indicative that a protein 
will bind to an IMAC column, as the metal binding site may not be accessible by the 
chelated metal complexes on the solid phase, and even if it is accessible, binding may 
 Hard Borderline/ 
Intermediate 
Soft 
Acids Fe3+, Ca2+, Co3+, Cu2+, Fe2+, Pb2+ Cu+, Ag+, Au+ 
Bases OH-, F-, Cl- 
C6H5NH2, C6H5N (aromatic 
nitrogens),  Br- 




occur at a non-catalytic site, reducing the role that the binding site plays in binding to 
the IMAC column (Ueda et al., 2003). 
 Under the HSAB theory (hard soft acid base theory), Copper (II) is defined as a 
borderline acid (Housecroft and Constable, 2010; Pearson, 1968a) meaning that it can 
form strong bonds to soft bases such as sulfur as well as harder ligands such as 
aromatic nitrogens, other nitrogens and oxygen. Cu(II) has shown a preference for N 
and O binding partners (Katz et al., 2003), amongst the amino acids, histidine in 
particular is a major binding partner (Gaberc-Porekar and Menart, 2001; Katz et al., 
2003). The binding of proteins to Cu-charged IMAC columns is therefore dominated by 
histidine residues. There exists a positive correlation between the amount of 
accessible histidines and the strength of binding. The column used in this study is a 
HiTrap Chelating column, the resin (sepharose) comprises chelating compounds (e.g. 
iminodiacetic acid (IDA)) that are covalently bound to the solid phase.  The chelating 
sites on the resin entrap the metal ions, which can specifically bind proteins and other 
compounds. Typically one histidine is sufficient for weak binding to an IDA-Cu(II) 
complex (Gaberc-Porekar and Menart, 2001). When IDA binds to copper it uses three 
of the available six bindings sites of copper (octahedral), leaving three sites free to 
interact with other ligands and proteins. These interactions with the metal ions on the 
resin surface are shown in Figure 1.5. 
IMAC columns are usually run with a high ionic strength buffer in the solvent, as this 
can suppress secondary electrostatic interactions and thus facilitate binding to the 
chelating complexes as the desired interaction (Ueda et al., 2003). They are also 
traditionally run at a slightly basic pH so that the ligands are unprotonated and 
available for binding. That said, at a pH >8 affinity of the N-terminus to the metal ions 
is increased (Chaga, 2001; Ueda et al., 2003). Any pH in the range 6-8 is generally 
favourable to the retention of histidine residues within the column (Ueda et al., 2003). 
This method (compared to other protein separation methods) allows high protein 
loading (Gaberc-Porekar and Menart, 2001; Ueda et al., 2003), and columns are able to 
be stripped and reloaded many times before degeneration of the solid phase is 




with a fast protein liquid chromatography (FPLC) fitted with an ultraviolet (UV) 
detector allows the monitoring of the elution of proteins and ligands throughout each 














Figure 1.5: Interactions of copper with the resin and ligands of the HiTrap Chelating 
column. a) Iminodiacetic acid (IDA); ligand b) Octahedral aqueous copper c) Interaction 
of sepharose (resin), IDA and aqueous copper. Adapted from Gaberc-Porekar and 
Menart (2001) 
 
1.4.2 Practical application of IMAC 
Traditionally the IMAC technique is used in the purification of His-tagged (histidine) 




























(usually 6) histidine residues on either the C or N terminus, and optimum placement is 
protein specific. Histidine has a strong affinity for IMAC bound metal ions and 
therefore has been used successfully to isolate a large number of proteins. This 
method has gained popularity as the relatively short histidine chain needed for protein 
retention on the IMAC column rarely affects normal protein function (Terpe, 2003). 
Aside from the common usage of purifying His-tagged proteins, IMAC (in particular Cu-
IMAC) has evolved into a variety of other applications including: isolating copper 
complexing ligands from natural waters (Gordon, 1992; Gordon et al., 2000; Ross et al., 
2003) and identifying copper-binding ligands produced by various organisms such as a 
marine bacterium (Gordon, 1992; Gordon et al., 2000); human hepatocyte cells (Smith 
et al., 2004); plants (Mestek et al., 2008; Mestek et al., 2010); and a marine 
cyanobacterium (Barnett et al., 2012). These studies have utilised IMAC to look at a 
variety of proteins from small chain peptides (<2 kDa) (Mestek et al., 2008; Mestek et 
al., 2010; Ross et al., 2003) to larger proteins (Barnett et al., 2012; Gordon et al., 2000). 
Barnett et al. (2012) investigated metal binding proteins from a marine 
cyanobacterium (Synechococcus sp.) using different metal-IMAC columns (Ni, Fe, and 
Co). Each metal produced its own profile of metal-binding proteins, however they 
found one oxidative stress protein that was common to all three metals, Rubrerythrin. 
An average protein contains 2% histidine residues, of which approximately half are 
accessible for binding (i.e. surface exposed). Chaga (2001) states that 50% of proteins 
from any given biological sample can be expected to be retained on a Cu2+ charged 
IMAC column. Chaga (2001) also states that this percentage would likely decrease for 
other metals as histidine’s affinity for them decreases accordingly. 
IMAC can detect copper induced conformational changes in the proteins as their ability 
to bind to the column may change (Hage, 2006). IMAC can be used to determine 
changes in metal-binding proteins and concentrations as a result of metal exposure. 
Metal-binding proteins may be altered when an over-abundance of metal is available 
in the cell, arising from exposure to elevated environmental metal concentrations. 
There are numerous other copper-binding ligands within a cell that may be involved in 




molecules such as glutathione and phytochelatin are also likely to be major copper-
binding partners. 
1.5 Glutathione 
1.5.1 Role of glutathione within the cell 
Glutathione is a low molecular weight thiol found in most prokaryotic and eukaryotic 
cells (Mendoza-Cózatl et al., 2005). It is an important antioxidant (McDermott et al., 
2011; Morelli and Scarano, 2004) and serves as a strong indicator of change in the 
intracellular redox environment of an organism (Schafer and Buettner, 2001). 
Glutathione exists in two forms, reduced glutathione (GSH) and the oxidised form 
glutathione disulfide (GSSG). Most cellular processes utilise the reduced form, GSH 
(Mallick and Mohn, 2000), which plays an integral role in metal-chelation processes as 
it is a precursor for phytochelatins (PC). The GSH/GSSG redox system plays a 
fundamental role in cell homeostasis and is also involved in cell signalling processes 
(Monostori et al., 2009). 
Glutathione is synthesised from its amino acid subunits in two enzyme catalysed steps 
as illustrated in Figure 1.6, reactions 1 and 2 (Mendoza-Cózatl et al., 2005). In the first 
step, γ-glutamylcysteine (γ-EC) is formed from L-Glutamate (Glu, E) and L-Cysteine 
(Cys, C) by γ-EC synthetase (γ-ECS; EC 6.3.2.2) (Figure 1.6, reaction 2). Glycine (Gly, G) 
is then added to the C-terminal of γ-EC to form GSH by the enzyme glutathione 
synthetase (GS; EC 6.3.2.3). Glutathione can be ‘recycled’ from the oxidised form back 
to the reduced form via a complex glutathione-ascorbate redox cycle (Figure 1.6, 
reaction 3) involving the enzyme glutathione reductase (GR; EC 1.6.4.2)(Mendoza-
Cózatl et al., 2005). Cells can also synthesise more GSH when required, however this 
synthesis is triggered when other cellular processes consume or remove GSH rather 
than merely oxidising it, as the threshold levels of GSH and GSSG collectively appear to 
act as an inhibitor of the synthesis pathway (Mendoza-Cózatl et al., 2005). Some of the 
cellular processes that consume GSH include phytochelatin production (Figure 1.6, 
reaction 4) and use as a substrate for glutathione-S-transferase (GST) (Figure 1.6). PC 
production utilises GSH subunits in chain elongation (Vatamaniuk et al., 2004). GSTs 




more soluble (Oakley 2011), however, several GSTs can utilise GSH as a co-factor 




Figure 1.6: Schematic depicting glutathione synthesis and cellular functions (Mendoza-
Cózatl et al., 2005). Reaction (1) to (4) described in the text of section 1.5.1. 
Abbreviations used in figure: γ-ECS, Gamma-glutamylcysteine synthetase; ATP, 
Adenosine-5’-triphosphate; Cd-GS2, Glutathione cadmium complex;  DHA, 
dehydroascrobate; GR, Glutathione reductase; GS, Glutathione synthetase; GSH-T, 
Glutathione transferase; NADPH/NAPD+, Reduced/Oxidised nicotinamide adenine 
dinucleotide phosphate ; PCS, Phytochelatin synthetase. 
 
1.5.2 Total, oxidised and reduced glutathione 
Glutathione is an important indicator of change in the intracellular redox environment 
of a cell. Redox couples, such as reduced and oxidised glutathione, are pairs consisting 
of a reduced and oxidised form of a chemical species that are sensitive to the redox 
environment of the cell (Monostori et al., 2009). All redox couples are interrelated to 
other redox couples in the same environment, often through complex cycles, thus the 
redox state of cell can be used to predict the relative concentrations of the 




In response to a 3- or 8- day cadmium exposure, unicellular protist, Euglena gracilis, in 
comparison to unexposed cells, exhibited greater intracellular concentrations of Cys, 
total glutathione and other thiol containing peptides (Mendoza-Cózatl et al., 2002). 
The freshwater alga C. reinhardtii also had a higher intracellular glutathione content 
following 6 or 24 h of exposure to cadmium compared to non-exposed cells (Stoiber et 
al., 2010). Mendoza-Cózatl et al. (2005) suggested that cadmium triggers the sulfur 
assimilation pathway and Cys biosynthesis, thereby increasing glutathione production. 
However comparing C. reinhardtii’s responses to cadmium and copper exposures show 
that this is a metal specific response as total glutathione concentrations decreased as a 
result of exposure to copper, in direct contrast to the increasing total glutathione from 
cadmium exposure (Stoiber et al., 2010).  
Interesting interactions between reduced:oxidised glutathione ratio and metal were 
observed in C. reinhardtii following exposure to copper and cadmium. Although 
cadmium exposure increased total glutathione in the alga, the  ratio of reduced: 
oxidised glutathione remained relatively constant with only a slight increase in 
glutathione ratio observed following  6- 24 h exposures (Stoiber et al., 2010). The small 
increase in the proportion of reduced glutathione likely corresponds with synthesis of 
‘new’ glutathione triggered by cadmium exposure. In addition to this, cadmium is not a 
redox active metal, and therefore, is less likely to oxidise glutathione directly, instead 
cadmium is more likely to form complexes with glutathione. Copper, however, is 
believed to be able to oxidise glutathione (Equation 1.1) at a ratio of 1 Cu: 2 GSH, 
forming a copper glutathione complex (GS-Cu) and a GSSG (Stauber and Florence, 
1987). In addition to this copper also stimulates the production of excess reactive 
oxygen species (ROS) which are able to cause significant damage to the cell. ROS are 
quenched by antioxidant molecules, such as GSH, through a redox reaction whereby 
the antioxidant molecule is oxidised (Yadav, 2010). Copper therefore affects cellular 
GSH from a multipronged attacked causing a measurable effect on GSH:GSSG ratios in 
comparison to the minimal effect caused by cadmium observed in C. reinhardtii 
(Stoiber et al., 2010). 
4 + 2	
               2 −  +  + 4




Previous work with C. reinhardtii showed that total glutathione and glutathione ratios 
were rapid, sensitive indicators of microalgal cellular stress in response to cadmium 
and copper exposure. After only 6 h of exposure there were significant differences at 
the highest levels of exposure (≥ 40 nM), following 24-h exposure these differences 
became even more evident (Stoiber et al., 2010; Stoiber et al., 2007). This work has 
shown that the GSH:GSSG ratios are sensitive to metal concentration, metal identity 
and exposure time and that change occurs rapidly in response to metal exposure, 
making it a suitable biomarker for measuring acute metal stress in algal cells. 
1.5.3 Detection methods for glutathione 
Due to the reactive nature of the thiols group(s) in GSH and GSSG, there are a number 
of molecules that will react with the sulfur group in cysteine to allow detection and 
quantification of glutathione. However the difficulty of determine accurate 
concentrations is in the process of extracting glutathione for the determination of the 
oxidative state of the glutathione pool as many of the possible extraction methods can 
influence the redox ratio, for example, non-enzymatic autoxidation of GSH can occur at 
pH > 7, therefore media in the acidic range is recommended (Monostori et al., 2009).  
Ellman’s reagent (DTNB, 5,5’-dithio-bis-(2-nitrobenzoic acid)) (Figure 1.8, Section 1.6.3) 
has been widely used for the quantification of sulfhydryl content (Chen et al., 2010). 
GSH reacts with DTNB (Equation 1.2) to form the chromophore TNB which absorbs 
strongly in the range 404-414 nm. The GS-TNB complex formed can then be ‘recycled’ 
back to GSH by the GR enzyme producing more TNB (Equation 1.3). The rate of change 
in absorbance is linearly proportional to the concentration of glutathione (Rahman et 
al., 2006). 
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Oxidised glutathione can be preferentially detected in the presence of GSH through 
reaction of the free thiol group in GSH prior to exposure to DNTB. This is achieved 
through the addition of 2-vinylpyridine which reacts with GSH via the free thiol group 
that is not present in GSSG, blocking the reactive thiol group, preventing reaction with 
DNTB (Rahman et al., 2006). GSSG is still able to interact with GR forming GSH which 
can then react with DTNB as per Equation 1.2 and 1.3. Typically total glutathione and 
GSSG are measured via this method and GSH calculated by difference. 
A number of other glutathione detection methods exist and have been extensively 
reviewed in Monostori et al. (2009). There are a number of high performance liquid 
chromatography (HPLC) methods of separation, utilising a number of labels and 
detection methods including, UV (ultraviolet), Electrochemical, Fluorescence and ESI-
MS (Electrospray ionisation – mass spectrometry) (Monostori et al., 2009). 
Chemiluminescence has also been used in conjunction with HPLC to detect both GSH 
and GSSG in biological samples (McDermott et al., 2011). Each method has its 
advantages and disadvantages, however the ease of use of Ellman’s reagent and its 
availability in a commercially available kit make it the best candidate for this research. 
1.6 Phytochelatin 
1.6.1 Discovery and structure 
Metallothioneins are a group of metal binding ligands, including phytochelatins, that 
have been extensively studied in higher plants (Perales-Vela et al., 2006). A great deal 
of the ‘knowledge’ about metallothionein production in algae is drawn from 
observations made from studies of higher plants. More research is required to confirm 
that these observations are applicable to microalgae (Perales-Vela et al., 2006).  
There are three classes of metallothioneins, class I (found in vertebrates), class II 
(found in cyanobacteria, algae and higher plants) which are composed of gene 
encoded proteins, whereas class III (found in higher plants, algae and some fungi) 
which are not gene encoded and are commonly called phytochelatins (Cobbett and 
Goldsbrough, 2002). Phytochelatins (PC) were first discovered in the fission yeast 




and characterised named Cadystin A and B (Kondo et al., 1984). Subsequently 
Grill et al. (1985) identified a metal binding compound from algae with the same 
characteristics and proposed the name phytochelatins for compounds with the general 
structure (γGlu- Cys)n-Gly where n represents any integer between 2 and 11 inclusive 
(Figure 1.7). Later studies showed that n = 2 - 6 are the most common in algal species ( 
Morelli and Scarano, 2004), with some researchers proposing that any PCs identified 









Figure 1.7: General structure of phytochelatin highlighting the γ- binding of the 
glutamate amino acid. 
Phytochelatins (PC) are essentially a polymer chain of repeating γ-glutamic acid and 
cysteine (γEC) amino acid units terminated by a glycine (G) residue at the C-terminus. 
The number of repeating units varies with: species (Grill et al., 1987); time (Morelli and 
Scarano, 2001; 2004; Scheidegger et al., 2011); metal exposure (Morelli and Scarano, 
2001; 2004, Abboud and Wilkinson 2013); and metal concentration (England and 
Wilkinson, 2011; Lavoie et al., 2009). Longer chain length provides a much stronger 
bond between the phytochelatin and the metal ion (in vitro) (Mehra et al., 1995). 
Phytochelatins are unique within the three classes of metallothioneins due to the 
presence of gamma binding, where the peptide bond is formed via the carboxylic acid 
group on the side chain of the Glu residue. This process can only be achieved through 
n 





enzyme-catalysed binding and therefore prevents phytochelatins from being gene 
encoded (Perales-Vela et al., 2006).  Mutoh and Hayashi (1988) discovered that whilst 
the enzymes catalysing the biosynthesis of glutathione (Figure 1.6, reaction 1 and 2) 
played a significant role in forming the building blocks for phytochelatin synthesis, they 
were not solely responsible. The enzyme responsible for PC synthesis was partially 
purified and named phytochelatin synthase  (Grill et al., 1989), then later identified as 
a γ-glutamylcysteine dipeptidyl transpeptidase (E.C. 2.3.2.15) (Vatamaniuk et al., 
2004). It was also shown that the acylation occurs in two different active sites, one 
requiring a ‘free’ GSH or PC substrate and the other requiring a blocked thiol group 
(the most efficient activator being metals, in particular cadmium) (Grill et al., 1987). 
This effectively demonstrated that PC production is greatly enhanced and catalysed by 
the presence of free metals ions in the cell that can bind to GSH or PC. The enzyme is 
also self-regulating in that when there is a sufficient amount of PC to chelate the metal 
ions activating the enzyme, PC production slows down (Morelli et al., 2009). The 
production of PC with this enzyme means that chain elongation occurs through the 
breaking of the Gly-Cys bond of the donor and occurs from the C to the N terminus.  
There are several variations of PCs that have been isolated and identified since their 
initial discovery in the 1980’s (Table 1.3). Those phytochelatins that take on the regular 





Table 1.3: Types of phytochelatins and their general structure  
 
1.6.2 Role in metal detoxification and homeostasis 
PCs are specifically induced as a result of metal stress, whereas other cell stressors 
such as thermal shock (hot and cold), hormone levels, oxidative stress and anoxia did 
not result in measurable levels of PC (Steffens, 1990). In addition to this, PC production 
has been found to cease in cells that have been removed from the metal stressed 
environment and have been allowed to recover (Hu et al., 2001; Morelli and Scarano, 
2001). A small amount of PC has been found at non-contaminated natural exposure 
concentrations of metals in some algal species, such as Thalassiosira weissflogii, 
Chlamydomonas reinhardtii and Pseudokirchneriella subcapitata (Ahner et al., 1994; 
Lavoie et al., 2009)  suggesting a role in homeostasis as well as metal detoxification 
(Grill et al., 1987). PCs may also participate in alleviating oxidative stress (Morelli and 
Scarano, 2004; Tsuji et al., 2002). For example, Dunaliella tertiolecta cells pre-exposed 
to zinc in an attempt to trigger PC synthesis were subsequently more tolerant towards 
reactive oxygen generating compounds (Tsuji et al., 2002). 
A full structure of the metal-PC complex has not been obtained as crystallisation has 
not yet been successful (Perales-Vela et al., 2006). There have been many studies that 
Name Structure Reference(s) 
Canonical (γEC)nG Grill et al., 1985; Kondo et al. 1984 
homo-PCs or isoPC(βAla) (γEC)nβA Grill et al., 1986 
hydroxymethyl-PCs or isoPC(Ser) (γEC)nS Klapheck et al. 1994 
isoPC(Glu) (γEC)nE Meuwly et al., 1995 
des-Gly-PCs  (γEC)n Mehra and Winge, 1988 
CysPC C(γEC)nG Pawlik-Skowronska, 2003 
CysPCdesGly C(γEC)n Bräutigam et al., 2011 




have characterised the PC : metal ratio and a variety of structures have been proposed 
(Grill et al., 1985; Howe and Merchant, 1992). A common theme amongst many of 
these studies is the emergence of two types of metal bound structures: a low 
molecular weight (LMW) and a high molecular weight structure (HMW). The HMW 
structure is a much more stable form, most likely due to the inclusion of S2- into the 
structure (Hu et al., 2001), the mechanism for the transformation from the LMW to the 
HMW structure is not yet fully understood (Hu et al., 2001, Vestergaard et al., 2008, 
Figuiera et al., 2014) Although it is known that the LMW complex ends up in the 
vacuole in microalgae (Perales-Vela et al., 2006) and that the LMW complex is not 
stable in acidic environments (Hu et al., 2001), the only studies that have investigated 
this transformation process in detail used the fission yeast Schizosaccharomyces 
pombe (Murasugi et al., 1981). It has been suggested that microalgae could follow a 
similar reaction and several schematics have been published (Gratão et al., 2005; 
Mendoza-Cózatl et al., 2005; Perales-Vela et al., 2006). This theory is supported by 
evidence showing sequestration of metals into the vacuoles (Heuillet et al., 1986).  
As mentioned earlier there are many factors influencing the type of phytochelatins 
produced, including the identity of the metal stressing the cell; numerous studies have 
shown that some metals are better phytochelatin inducers than others. Cadmium is 
listed as the most efficient inducer followed by a list of other metals including lead, 
zinc, antimony, tin, silver, nickel, mercury, copper, gold, bismuth, tellurium and 
tungsten (Grill et al., 1987). Arsenate and selenate have also been shown to induce 
phytochelatins (Grill et al., 1987; Pawlik-Skowronska et al., 2007). Metal-induced 
phytochelatin production in microalgae has received limited attention (Table 1.4) and 
has predominately focused on cadmium (the strongest inducer) and copper (an 
essential metal and contaminant of concern in many countries (Tercier-Waeber and 
Taillefert, 2008)). It must be noted that these studies have usually examined the effect 
of the metals at 10-1000 times the concentrations found in even the most polluted 
waters, and far above the concentrations needed to inhibit population growth of the 
algae. However, these studies have revealed some important information about the 
characteristics of phytochelatin production, which forms the foundations of our 




copper on phytochelatin production at more environmentally relevant copper 
concentrations. 
Phytochelatin production in the marine diatom Phaeodactylum tricornutum has been 
examined following exposure to 10 µM cadmium, copper and lead (1124, 635 and 
2072 µg metal/L, respectively). Copper and cadmium exposures (7 h) produced a 
variety of PC lengths dominated by PC3 and PC4, whereas when cells were exposed to 
lead, PCs were almost exclusively PC2 (Morelli and Scarano, 2001; 2004). England and 
Wilkinson (2011) showed that in a single species (Chlamydomonas reinhardtii) 
different cadmium concentrations yielded different amounts of PC and altered the 
length of the dominant PC species. This supported the results of Lavoie et al. (2009) 
who observed that as cadmium exposure concentration increased, the chain length of 
the phytochelatins increased in two freshwater algae C. reinhardtii and 
Pseudokirchneriella subcapitata (formerly known as Selenastrum capricornutum). 
However, at the higher exposure concentrations P. subcapitata (the more sensitive 
species) produced shorter chain lengths than C. reinhardtii, which may explain its 
higher sensitivity towards cadmium as longer chain lengths are able to bind metals 




Table 1.4: Selected published studies on phytochelatins in microalgae. 





tricornutum Natural seawater enriched with f/2 
(1-7 h) 
Cd 10 µM PC 2-5 PC 3+4 
Morelli and Scarano 2001 (Cd and Pb) and 2004(Cu) Pb 10 µM PC 2-5 PC 2 
Cu 10 µM PC 2-6 PC 3 
     
Artificial Seawater with EDTA Cd 9 µM PC 2-6 PC 2+4 
Rijstenbil and Wijnholds 1996 
(24 h) Cu 0.4 µM PC 2 PC 2 
     
Aquil pCd 11-9 PC 2-4 PC2 
Ahner et al. 2002 
(36 h) pCu 11-9 PC 2-4 PC2 
 
     
Ditylum brightwellii Artificial Seawater with EDTA Cd  0.09 µM None - 
Rijstenbil and Wijnholds 1996 
(24 h) Cu 0.16 µM PC 2-3 PC 2 
 
     
Skeletonema 
costattum 
Artificial Seawater with EDTA Cd 0.45 µM PC 2-4 PC 2 
Rijstenbil and Wijnholds 1996 
(24 h) Cu 0.4 µM PC 2-3 PC 2+3 
 
     
Thalassiosira 
weissflogii 
Aquil pCd 12-9 PC2-4 Varied with 
concentration 
Ahner et al.  2002 
(36 h) pCu 12-9 PC2-4 
 
     
Thalassiosira 
pseudonana 
Artificial Seawater with EDTA Cd 0.09 µM PC 2-4 PC 2 
Rijstenbil and Wijnholds 1996 
(24 h) Cu 0.4 µM PC 2-4 PC 2 
     
Aquil pCd 12-9 PC2-4 Varied with 
concentration 
Ahner et al.  2002 
(36 h) pCu 11-9 PC2-4 
 
     
Emiliania huxleyi Aquil pCd 11-9 PC2-4 Varied with 
concentration 
Ahner et al.  2002 
(36 h) pCu 11-9 PC2-4 
 
     
Dunaliella sp. Aquil pCd 12-9 PC2-4 Varied with 
concentration 
Ahner et al.  2002 
(36 h) pCu 12-9 PC2-4 
          
     
    




Table 1.4 continued: Selected published studies on phytochelatins in microalgae. 
      




       
     
Chlamydomonas 
reinhardtii 




England and Wilkinson 2011 
(1-8 h) Cd2+ 0.1 µM 










     
Talaqil 
pPb 9 – 7.1 
PC 2-4 (0-6 h) Varied with 
concentration 
Scheidegger et al. 2011 
(1-48 h) PC 2-5 (24-48 h) 
 
     
Scenedesmus 
vacuolatus 
Non-standard freshwater media pCd 13.1-7.1 PC 2-6 
Varied with 
concentration 
Le Faucheur et al 2005 
 















1.6.3 Isolation and detection of phytochelatins 
There exist a number of published methods for isolating and detecting phytochelatins. 
Perhaps the most common in the literature is that using derivatisation with a 
fluorescent tag followed by chromatography. More recently mass spectrometry has 
also been used to detect and identify phytochelatins (England and Wilkinson, 2011; 
Pawlik-Skowronska, 2003; Pawlik-Skowronska et al., 2007). Mass spectrometry 
provides a number of advantages including a greater ability to identify the structure of 
the molecule detected (Bräutigam et al., 2011) however, this method is far less 
selective than those that derivatise thiols groups and therefore more non-
phytochelatin compounds are detected. 
As phytochelatins are easily oxidised due to the number of thiol groups present, an 
advantage of the pre-column derivatisation process is that the thiol groups are 
reduced (with DTT (dithiothreitol) or TCEP ((tris(2-carboxyethyl)phosphine))) and 
reacted with the fluorescent tag, which prevents re-oxidation. Bräutigam et al. (2009) 
demonstrated that TCEP is a much stronger reducing agent for phytochelatins when 
compared to DTT. TCEP (1 mM) almost completely reduced an unspecified amount of 
CysPC3 (measured by mass spectrometry) whereas 5 mM DTT was only able to partially 
reduce it. Other advantages to a pre-column derivatisation technique include online 
detection and quantification using standard calibration curves. 
The pre-column derivatisation of thiols can be performed using fluorescent tags such 
as monobromobimane (mBrB) or Ellman’s reagent (DTNB) (Figure 1.8). The reaction 
binds the fluorescent tag to the free sulfur group of the thiol, after reaction with a 
reducing agent to ensure free thiols groups are available for reaction. The reaction 
occurs in a buffered basic system. Monobromobimane reacts specifically with thiol 
groups, and reacts more specifically with biological thiols than its most commonly used 
competitor Ellman’s reagent (Newton et al., 1981). Monobromobimane also has a 
number of other advantages over Ellman’s reagent in that its fluorescence detection 
provides far fewer interferences than the 280 nm detection for Ellman’s reagent, thus 
allowing for picomole detection limits per injection (Lavoie et al., 2009; Newton et al., 




both the reactants is the need to reduce the biological thiols groups prior to 
derivatisation, therefore removing the ability to individually measure disulfides 








Figure 1.8: Structures of fluorescent tag molecules used in thiol derivatisation. 
In this study thiols were extracted by resuspending cells in an HCl/DTPA 
(diethylenetriamine pentaacetic acid) (0.1 M/5 mM) solution, followed by heating at 
90 °C for 2 min based on a method by Lavoie et al. (2009). The heat stable proteins 
(including phytochelatins) are able to withstand this extraction process and the 
solution allows protein precipitation (Scheidegger et al., 2011). 
1.7 Aims and Objectives 
This thesis examines the toxicity and detoxification of copper towards microalgae by 
investigating intracellular copper-binding ligands, including proteins, phytochelatins 
and glutathione from four species of marine microalgae, Dunaliella tertiolecta, 
Tetraselmis sp., Phaeodactylum tricornutum and Ceratoneis closterium, in controls (no 
added copper) and throughout a 72-h exposure to copper at their respective 72-h IC50 
values (concentration of copper required to inhibit population growth by 50%). This 
research sought to uncover relationships between copper tolerance and/or 
intracellular copper, with intracellular copper binding ligands including proteins, 
phytochelatins and glutathione. Our hypothesis was that algal copper tolerance was 













related to the cell’s ability to bind intracellular copper to thiols in non-bioavailable 
forms. 
The specific experimental objectives were: 
i) To adapt an immobilised metal affinity chromatography (IMAC) technique 
for use with marine microalgae; 
ii) To utilise this IMAC technique in combination with gel electrophoresis and 
mass spectrometry to isolate and identify copper-binding proteins in four 
marine microalgae species in both control and copper-exposed cells. 
iii) To develop skills in phytochelatin extraction, analysis and quantification via 
laboratory experience at INRS-ETE, Québec, Canada under the guidance and 
supervision of Professors Fortin and Campbell. This was made possible 
through the Australian Government Endeavour Research Fellowship Award 
which allows for six months research at another institution abroad. 
iv) To determine total glutathione and phytochelatins production of PC2-5 over 
six time points throughout a 72-h exposure to copper at 72-h IC50 
(concentration to inhibit population growth by 50%) values of copper in 
four marine microalgae species using a derivatised thiol- HPLC technique; 
v) Determine reduced and oxidised glutathione ratios in control and copper 
stressed cells of four marine microalgae at six time points throughout a    
72-h exposure to 72-h IC50 values of copper; 
vi) Compare these results with measured intracellular copper and copper 
tolerance to identify any relationships that may be present to explain 
















2.1 General materials and methods 
All glassware was acid washed using either an acid washing dishwasher (Gallay 
Scientific) or washed manually.  The dishwasher used a series of sequential cycles: 
detergent wash (Gallay Clean N Liquid Light), two 1% nitric acid washes and two 
ultrapure water rinses.  The manual washing involved soaking overnight in detergent, 
followed by an ultrapure water rinse, 1 % nitric acid 24-h soak, ultrapure water rinse, 
soak (24 h) and final rinse. Bioassay glassware was treated with a silianizing agent 
(Coatasil, AJAX) every 6 months (or as required) to minimise metal lost to flask, then 
washed thoroughly before use. All reagents were analytical reagent grade or better. 
Surface seawater was collected from Towradgi, NSW, Australia. 
Unless otherwise stated all replicates in this thesis are biological replicates or samples 
from biological replicates. 
2.2 Algal culture 
Four species of marine algae were utilised in this research Dunaliella tertiolecta 
(Butcher), Tetraselmis sp., Ceratoneis closterium Enrenb. (Ehrenberg, 1839b:157) 
(formerly known as Cylindrotheca closterium and Nitzschia closterium) and 
Phaeodactylum tricornutum Bohlin.  Axenic algal cultures were originally obtained 
from the CSIRO Collection of Living Microalgae, Marine and Atmospheric Research 
(Hobart, Australia). Algae were maintained in autoclaved f/2 media (half strength f 
media), except for C. closterium which was cultured in full strength f media (Guillard 
and Ryther, 1962). Algae were kept at 21 °C, on a 12:12 hour light:dark cycle at 
110 µmol photons.m-2.s-1 in a controlled environment incubation chamber (Labec, 
Australia). Algae were transferred into fresh media weekly. Culture flasks were 
agitated and randomly rotated within the incubator to promote gas exchange and to 
allow consistent light exposure. 
Two species of freshwater green algae were also utilised in a pilot study, 
Chlamydomonas reinhardtii and Pseudokirchneriella subcapitata. The origins and 






Copper exposure bioassays were conducted in silanised glassware to minimise copper 
losses to the glass walls of the flasks. Test media consisted of filtered sterilised 
seawater (0.2 µm PES (polyethersulfone) membrane, bottle top filters, Sartorius, 
Australia) supplemented with 15 mg NO3-.L-1 and 1.5 mg PO43-.L-1 (added as NaNO3 and 
NaH2PO4, respectively). Copper was added as copper sulfate to each flask (except 
controls) to achieve the respective 72-h IC50 concentrations (Levy et al., 2007).  
Glutathione and phytochelatin analysis (sections 2.5, 2.6 and 2.7) requires large cell 
numbers, thus high cell densities were needed to achieve adequate tissue mass, 
particularly for shorter copper exposure durations that were harvested before 
significant cell division had occurred. In previous freshwater studies EDTA 
(ethylenediaminetetraacetic acid) or NTA (nitrilotriacetic acid) are added to control 
exposure to the free metal ion, however in seawater assays test protocols recommend 
media without EDTA and therefore EDTA was not used in this study (Stauber and 
Davies, 2000). Test protocols recommend pristine filtered seawater minimally 
supplemented with nitrate and phosphate and non-complexing buffers to control pH if 
required (Stauber and Davies, 2000). 
2.3.1 Pre-equilibration of algae and copper 
In short-term exposures, a noticeable lag in algal population growth has been observed 
and attributed to algal adjustment from transfer from a high nutrient culture media to 
the low nutrient bioassay media (Levy, unpublished). To avoid this growth lag pre-
equilibration of the algae for a short period in low nutrient media was required prior to 
the start of copper exposures. Cells were harvested from culture medium by 
centrifugation (2000 x g, 21 °C, 5 min), washed, counted and inoculated into test media 
for 12 h prior to the bioassay to allow equilibration in the lower nutrient bioassay 
medium before combining with copper-seawater solutions. Copper was added (as 
copper sulfate) to the bioassay to achieve the respective 72-h IC50 concentrations for 
each alga and allowed to equilibrate overnight. Algal solutions of known cell density 
and copper-seawater equilibrated solutions were combined and cells were harvested 




2.4 Flow cytometry 
The density of algal cultures was determined by flow cytometry (LSR II, Becton 
Dickinson, Australia) using TruCount™ (BD Biosciences) beads as an internal reference 
standard. Algal cell chlorophyll a autofluorescence was measured by exciting cells at 
488 nm and capturing the emission passing through a 685 nm long-pass barrier filter 
followed by a 695/40 nm band-pass filter. Data was acquired using FACSDiva software 
(V4.0, Becton Dickinson, Australia) and cell densities calculated as per Franklin et al. 
(2005). All samples were mixed by vortex immediately prior to analysis to minimise 
algal settling and clumping. Algal populations were identified on a plot of side scatter 
versus chlorophyll α fluorescence (logarithmic scale).  
Cell division inhibition was calculated as described in Franklin et al. (2005). In brief the 
log10 cell density for each replicate was plotted against time (h). The slope of the linear 
regression line produced (µ) is equal to the hourly division rate. Daily growth rates 
were calculated by multiplying µ by 24 (hours) and a constant (3.32). Growth rates of 
the copper-treated flasks were presented as a percentage of the control growth rate. 
2.5 Intracellular metal determination 
Cells previously exposed to copper (at the relevant IC50) for 0.5, 3, 6, 24, 48 and 72 h 
were concentrated, rinsed with filtered seawater then washed for 20 min with an 
EDTA buffer (0.01 M EDTA, 0.1 M KH2PO4/K2HPO4 buffer, pH 6.0, salinity adjusted to 
2.5 %) to remove extracellularly bound copper. The cell suspensions were re-
centrifuged, the supernatants discarded, and the pellet digested overnight in 1 ml of 
an 80:20 mix of concentrated nitric acid (HNO3 (TracePur, Merck)) and hydrogen 
peroxide (H2O2 (Suprapur, Merck)) at 21 ± 1 °C. Digests were diluted to 5 % HNO3 for 
copper analysis. Digestions of certified reference material DOLT-3 (dogfish liver) were 
determined to verify complete digestion, and values were 94 ± 2 % of the certified 
values for copper. The copper concentrations determined from this cell washing and 
digestion method were operationally defined as intracellular copper. The dissolved 
copper in each treatment (acidified to 0.8 % HNO3 (TracePur, Merck)) and within cells 
(intracellular copper, acidified to 5 % HNO3) were measured by inductively coupled 




concentrations were calculated from a matrix-matched calibration curve (clean 
seawater or ultra-pure water, acidified with 0.8 % or 5 % HNO3, respectively) using 
serial dilutions of a mixed metal standard (QCD Analysts, Eaglewood, FL, USA). A drift 
standard was incorporated into the analysis procedure. The detection limit for copper 
was typically ≤2 µg Cu/L. All nitric acid concentrations are % v/v solution made from 
70% HNO3 and ultrapure water. 
Dissolved copper concentrations were determined for each flask individually and 
averaged for each treatment, measurements were taken after 15-30 min of exposure,  
immediately prior to cell harvest and at regular 24 h intervals (for 24, 48 and 72 h 
exposures). As each treatment (and replicate) was performed in a separate flask, there 
was variation in copper exposure concentrations between treatments. Where there is 
no significant difference between treatments overall averages were presented. 
Speciation was not directly measured in this thesis, however it is likely it remains 
relatively constant and that copper would be present mostly as complexes with ligands 
and very little would be present as the free metal ion. Over the longer exposure 
durations (48 and 72 h) some algae can produce significant quantities of exudates 
(González et al. 2014) that can further complex copper (and other metals) in the media 
and affect the bioavailability of metals to the algae. 
 
2.6 Cellular extraction methods 
2.6.1 Sonication for protein extraction 
After 72-h growth, 5-10 x 108 cells were concentrated by centrifugation (1000 x g, 
5 min) and resuspended in 9 ml of 20 mM tris(hydroxymethyl)aminomethane-HCl salt 
(Tris) buffer (pH 7.5) containing a protease inhibitor (Complete™ EDTA free protease 
inhibitor cocktail tablets, Roche, Germany).  Sample tubes (3 x 3 ml aliquots) were 
suspended in ice and treated with a 400 W digital sonifer (Branson) at amplitude 10% 
with a pulse cycle of 0.5 s ON and 1.0 s OFF for 5 x 30 s (Tetraselmis sp.) or 2 x 30 s 
(P. tricornutum, D. tertiolecta and C. closterium). A pause of 5 minutes between 
sonication treatments prevented the samples from overheating. Tetraselmis sp. 




treatment with ultra-pure water prior to sonication to achieve satisfactory cell lysis. 
These treatments achieved cell lysis of 54±8 %, 80±10 %, 85±10 % and 94±2 % for 
Tetraselmis sp., P. tricornutum, C. closterium and D. tertiolecta, respectively.  Cell 
damage was assessed by monitoring citrate synthase activity (normally contained in 
the mitochondrial matrix) before and after lysis (Graham and Rickwood, 1997; Storrie 
and Madden, 1990). After sonication cell lysates were re-centrifuged at 4 °C (12000 x g, 
5 min). The supernatant was filtered (0.45 µm, surfactant-free cellulose acetate 
membrane, Sartorius) prior to isolation of the copper-binding proteins and stored at 
4 °C until analysis (for up to 2 h).  
 
 
2.6.2 Chemical extraction for total glutathione and phytochelatin determination 
(Fluorescence method) 
The extraction efficiency of the fluorescent thiol extraction method was investigated 
for each diatom species. Approximately 4 x 108 cells (in triplicate) were resuspended in 
500 µl of extraction solution (0.1 M HCl with 5 mM DTPA), heated at 90 °C for 2 min, 
cooled at 4 °C for 10 min, centrifuged (10,000 x g, 5 min), and the supernatant was 
retained. The cell pellets were resuspended in 500 µl of fresh extraction solution and 
the process repeated twice more. The three supernatants were derivatised separately 
(described below) and their GSH content determined by HPLC.  The total GSH 
extracted was calculated by summing the measured GSH from the three separate 
extractions; this was operationally defined as total GSH, and the extraction efficiency 
of the first extraction was determined as a percentage of this total.  
This method measures total GSH and PC2-5 through fluorescent detection after 
derivatisation and separation by HPLC. Cells were collected by centrifugation (5000 x g, 
8 min), the cell pellet was washed and resuspended in seawater and an accurate cell 
count taken. The bulk of cells were re-centrifuged to remove seawater and 
resuspended in 200-500 µl of HCl/DTPA (0.1 M/5 mM) to give final cell concentrations 




The resuspended cells were immediately heated (90 °C for 2 minutes) to extract thiols 
from the cell and cooled at 4 °C for at least 1 hour prior to derivatisation, using a 
modified method from Lavoie et al. (2009) and Le Faucheur et al. (2005).  The 
extracted cells were centrifuged (4 °C, 10 min, 10000 x g) to pellet cellular debris. The 
supernatant (100 µl) was combined with 280 µl of a reducing agent in a basic buffer 
(0.7 mM TCEP (tris(2-carboxyethyl)phosphine) in a 200 mM/5 mM 3-[4-(2-
hydroxyethyl)-1-(piperazinyl] propanesulfonic acid (HEPPS) /DPTA buffer at pH 8.2) for 
20 min at room temperature. The reduced thiol groups were reacted with 40 µL of 
10 mM monobromobimane (mBrB) for 10 min in the dark. The solution was combined 
with 40 µl of 100 mM cysteine solution and returned to the dark for a further 10 min. 
This step removed excess mBrB, which appeared as an interference peak during 
chromatography. The resulting cysteine peak that appears in the chromatogram does 
not interfere with either the GSH or PC peaks and serves as a confirmation that the 
desired fluorescent tagging reaction took place. To quench the reaction, 40 µl of a 1 M 
methane sulfonic acid solution was added. Samples were stored for a maximum of 3 
weeks prior to HPLC analysis. Standards of GSH (Sigma Aldrich, Australia) and PC2-5 
(Anaspec, USA) were prepared as per cellular samples except the 100 µl of supernatant 
was replaced with dilutions of a 100 µM solution (in HCl/DTPA (0.1 M/5 mM)) to 
achieve a calibration range from 1-75 µM for GSH and 100 nM to 20 µM for PC2-5. At 
least one sample per analysis batch was spiked with PC2-5 to ensure the correct peaks 
were chosen for analysis. This method is henceforth called ‘the fluorescence method’. 
2.6.3 Freeze/thaw cycles for glutathione determination (Enzymatic method) 
The GSH method was adapted from a commercially available kit with modifications as 
per Stoiber et al. (2007). This method measures glutathione only, its measures total 
glutathione and oxidised glutathione and reduced glutathione is calculated by 
difference. Chemical extraction was not a feasible method for releasing glutathione 
content from the algal cells, as the chemicals may react with the glutathione, altering 
its redox state. An alternative extraction method was identified based on a 
freeze/thaw cycle of -80 °C/4 °C of Stoiber et al. (2007) and was optimised for the cells 
used in this study. Cell disruption efficiency for the enzymatic method was determined 




to quantify remaining intact cells, and the percentage cell disruption was calculated to 
determine maximum cell disruption for each species. This method was optimised for 
marine algae in the presence of copper. Quality control checks were performed as 
described in Chapter 5. 
It was determined that separate calibration curves were required for GSH and GSSG 
due to the addition of the 2-vinylpyridine, however the presence of copper did not 
significantly inhibit the assay and therefore an additional calibration curve to 
compensate for the presence of copper in the lysed cells was not needed (data not 
shown). Degradation of the samples over 60 min (incubation time) at ambient 
temperature was also found to be negligible (data not shown). 
2.7 Thiol separation method (HPLC) 
Chromatographic separation was performed by HPLC (Shimadzu LC-10AD with online 
RF-10AXL fluorescence detector) and the data compiled using Class VP software 
(Version 6.14 SP2). Thiols were separated using a reverse phase C18 column (250 mm x 
4.6 mm, particle size 5 µm, Phemomenex, SphereClone ODS (1)) and detected by 
fluorescence at 380 nm excitation and 470 nm emission wavelengths. The gradient 
elution program used 0.1% trifluoroacetic acid (TFA) in ultrapure Milli-Q water (solvent 
A) and 100% HPLC grade acetonitrile (solvent B). A linear gradient of solvent B from 10-
35% for 65 min at a flow rate of 1 ml/min was used. The column was washed with 
100% solvent B for 5 min and re-equilibrated at 10% solvent B for a further 5 min (Le 
Faucheur et al., 2005). A 50 µl injection volume was used.   
In order to calculate total thiols present as PC it was necessary to account for the 
number of thiols per molecule of PCn chain length, that is, PC2 has two thiol groups, PC3 
has three thiols and so on. Therefore, the total thiol as PC was calculated using 
equation 2.1. As GSH contains only one thiol, no changes were required.  
 





2.8 Glutathione determination 
After 72-h exposure bioassays, algal cells were centrifuged (2000 x g, 5 min, 21 °C), 
washed twice, resuspended in filtered seawater, and an aliquot taken for cell density 
analysis. Seawater was removed by centrifugation and cells resuspended in a 50:50 
filtered seawater: 10% metaphosphoric acid solution for deproteination, transferred to 
Eppendorf tubes and immediately frozen at -80 °C (ULT Freezer, Thermo Forma). Cells 
were lysed by four freeze-thaw cycles, and the lysate separated by centrifugation 
(20,000 x g, 5 mins, 4 °C). Lysate was stored at -20 °C overnight prior to analysis. 
Immediately prior to the analysis, cell lysates were neutralised to approximately pH 6.5 
with triethanolamine. To determine GSSG an additional step was required where 100 
µl of lysate was treated with 1 µl of 2-vinylpyridine (1 M, in ethanol; Sigma-Aldrich) 
and incubated under ambient conditions for 1 h as per assay kit instructions.  
GSSG standards were prepared at 0, 0.25, 1.0, 2.0 and 8.0 µM from a concentrated 
GSSG standard (Item no. 703014, Cayman Chemical Company) and diluted MES buffer 
(0.4 M 2-(N-morpholino)ethanesulfonic acid, 0.1 M phosphate and 2 mM EDTA; pH 
6.0, diluted 50% in ultrapure water). Assays were performed in a polystyrene flat 
bottom 96-well microplate (Greiner Bio-one). GSSG standard or filtered lysate (100 µL) 
was added to a well with 150 µL of freshly prepared assay cocktail mixture based on 
Stoiber et al. (2007). Standards and samples were analysed in triplicate at 405 nm in 
5 min intervals for 30 min using a POLARstar Omega Microplate Reader (BMG Labtech, 
Germany). Concentrations of GSSG and total GSH were determined against the 2-
vinylpyridine treated and non-treated calibration curves, respectively. The average 
absorbance of each standard and sample was plotted as a function of time to 
determine the slope (referred to as i-slope). The i-slope of each standard was then 
plotted against the concentration of GSSG or total glutathione to determine the slope 
(referred to as f-slope) and y-intercept. Sample concentrations were calculated as per 
Equation 2.2 and 2.3 for total glutathione and GSSG, respectively. In the presence of 
the glutathione reductase, GSSG was reduced to produce 2 mole equivalents of 
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2.9 Statistical analysis 
Comparisons between means for statistically significant differences were performed 
on some data as indicated in the text of relevant sections using a t-test for comparison 
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Toxicity of metals to aquatic organisms is dependent on both external factors, such as 
exposure concentration and water quality parameters, and intracellular processes 
including specific metal-binding sites and detoxification. Current models used to 
predict copper toxicity in microalgae do not adequately consider these intracellular 
processes. This study compared the copper-binding proteins from four species of 
marine microalgae in controls (no added copper) and following a 72-h exposure to 
copper (sufficient to inhibit growth by approximately 50 %) utilising an immobilised 
metal affinity chromatography technique (IMAC). 
IMAC can detect copper induced conformational changes in the proteins as their ability 
to bind to the column may change (Hage, 2006). IMAC (in particular Cu-IMAC) has 
been applied in a variety of applications including isolating copper complexing ligands 
from natural waters (Gordon, 1992; Gordon et al., 2000; Ross et al., 2003) and 
identifying copper-binding ligands produced by various organisms such as marine 
bacteria (Gordon, 1992; Gordon et al., 2000), human hepatocytes (Smith et al., 2004), 
plants (Mestek et al., 2008; Mestek et al., 2010) and a marine cyanobacterium (Barnett 
et al., 2012).  
By utilising the IMAC technique in combination with other protein isolation techniques 
a copper-binding protein expression profile can be obtained to compare control and 
copper treated microalgal cells. Any changes between IMAC-recoverable control and 
copper-exposed protein expression profiles would indicate changes to the available 
protein within the cell, which may contribute to, or be an effect of copper toxicity 
within the cell.  
The four species examined in this study (and their respective 72-h IC50 copper 
concentrations) were: Dunaliella tertiolecta (530 µg Cu/L), Tetraselmis sp. (47 µg Cu/L), 
Ceratoneis closterium (18 µg Cu/L) and Phaeodactylum tricornutum (8 µg Cu/L) 
(Johnson et al., 2007; Levy et al., 2007). A working hypothesis was that algae that were 
more sensitive to copper would exhibit greater changes in expression levels of the 




3.2 Experimental methods 
3.2.1 Algal culture and sample preparation 
Algae were grown in f (C. closterium) or f/2 media (P. tricornutum, D. tertiolecta and 
Tetraselmis sp.) as per section 2.2. Cells were harvested and prepared for exposure 
bioassays as per section 2.3. Exposure treatments were performed in triplicate. Initial 
cell densities were between 2-5 x 104 cells/mL. 
Density of algal cultures was determined via flow cytometry as described in section 
2.4. Population growth was determined at regular intervals throughout exposure 
bioassays as described in section 2.3 and 2.4. 
3.2.2 Method optimisation 
Several stages of the method needed to be optimised for application to marine algal 
cells.  To liberate the proteins from the cells, cells were lysed by sonication. Sonication 
has been shown to be highly efficient at phytoplankton cell breakage (Barnett et al., 
2012; Lavoie et al., 2009); it produces less metal contamination than other procedures 
such as freeze grinding and bead beating (Barnett et al., 2012), and it avoids the 
addition of other chemicals such as enzymes and detergents that could also 
contaminate the sample and complicate the sample matrix.  The main disadvantage of 
sonication is that the temperature of the sample may increase resulting in 
denaturation of some heat sensitive proteins. Thus, the optimal sonication parameters 
that allowed maximum cell disruption whilst avoiding heating and minimising 
detectable organelle disruption, were determined for each species.  After 72-h growth, 
5-10 x 108 cells were harvested, lysed and prepared as described in section 2.6.1. 
3.2.3 Optimisation of IMAC 
Fast protein liquid chromatography (FPLC, Akta Explorer) and HiTrap© Chelating 
columns (1 or 5 ml GE Healthcare) charged with Cu2+ (as copper sulfate) were used to 
isolate copper-binding proteins from the samples. Columns were washed with at least 
five column volumes of 20 mM Tris buffer (pH 7.5, 0.2 µm filtered, pH adjusted with 
KOH). The algal lysate (coloured) was loaded using a syringe and washed with a 




proteins were then eluted with three to five column volumes of the elution buffer 
(200 mM imidazole in 20 mM Tris, pH 7.5 adjusted using HNO3). The fraction 
containing the eluted proteins was collected and stored on ice for a maximum of 2 h 
prior to dialysis and electrophoresis. Although degradation of proteins cannot be 
discounted a number of steps were implemented to reduce degradation as much as 
possible: proteins were kept on ice; the procedure prior to IMAC separation was 
performed as rapidly as possible and the protease inhibitor was added prior to 
sonication. 
Initial SDS-PAGE analysis of IMAC eluted proteins produced an unresolved smear with 
no distinct protein bands discernible necessitating further sample clean-up.  An 
additional step was included in which membrane-bound proteins were removed by 
washing the IMAC column with detergent after the algal cell lysate had been loaded 
onto the column. Triton X-100 was passed through the column, and the column was 
subsequently washed with twenty column volumes of loading buffer (20 mM Tris pH 
7.5). The remaining bound proteins were eluted from the column using the elution 
buffer.  
The imidazole was subsequently removed by dialysis to allow quick estimation of the 
protein content via an absorbance measurement at 280 nm using an arbitrary 
extinction coefficient (ε0.1%(280) = 1.0). The sample was placed in 3.5 kDa molecular 
weight cut-off (MWCO) dialysis tubing (Snakeskin® pleated dialysis tubing, Thermo 
scientific) and left stirred in 1 L of 20 mM Tris buffer pH 7.5 with stirring at 4 °C in the 
dark for approximately 48 h, with a buffer change after 24 h. If required, samples were 
concentrated (at 4 °C) using small ultrafiltration devices with a 5-kDa MWCO 
(Vivaspin500, GE Life Sciences) and the protein concentration estimated as described 
below. 
The cell density required for Cu-IMAC was also optimised. Unconcentrated eluted 
protein typically yielded <0.2 mg protein/ml (estimated by A280 nm in a quartz micro-
cuvette) from 5 to 10 x 108 cells and was concentrated to ≥3 mg protein/ml to facilitate 
subsequent analysis by SDS-PAGE.  The two smaller brown pennate diatoms 




required much higher cell numbers (~ 1 x 109 cells) to yield a similar amount of copper 
binding protein as the larger green microalgae (~ 5 x 108 cells) D. tertiolecta and 
Tetraselmis sp. (cell volume 300 ± 100 µm3 (Levy et al., 2007; 2008)). This is not 
suprising given the disparity in cell sizes, as the green algae have more than three 
times the cell volume of the diatoms.  
Proteins extracted from both the control and copper-exposed algae were not retained 
by the uncharged IMAC column (data not shown).  This demonstrated that the proteins 
bound specifically to the immobilised copper and not to the support matrix of the 
column itself.  
3.2.4 1-Dimensional PAGE 
Concentrated proteins were separated using 1D SDS-PAGE (10 % SDS under reducing 
conditions) and visualised with Coomassie brilliant blue R-250 stain. All algal samples 
were prepared in duplicate; each biological replicate was run on multiple gels (n≥2) to 
ensure reproducibility. Gel bands of interest were excised and destained with a 
solution of 50% acetonitrile and 50 mM ammonium bicarbonate prior to mass 
spectrometry analysis. Protein bands on the stained SDS-PAGE gels were optically 
scanned (Gel Logic 2200 Pro, Carestream Molecular Imaging software) and the relative 
intensity of each band estimated using the same software. All samples loaded onto the 
SDS-PAGE gels contained equal quantities of protein (typically 20-30 µg). 
3.2.5 ESI qTOF MS Analysis (Electrospray ionisation quadrupole time of flight mass 
spectrometry) 
Excised gel bands were dried and then digested overnight with trypsin (150 ng) in 30 µl 
of 25 mM ammonium bicarbonate (pH 8). Samples were centrifuged (14,100 x g, 3 
min) and supernatants were diluted to 40 µl in Electrospray Ionisation (ESI) loading 
buffer (2:97.9:0.1 acetonitrile:water:formic acid), injected onto a peptide trap 
(Michrome peptide Captrap) for pre-concentration and desalted with 0.1% formic acid, 
2% acetonitrile (CH3CN) at 8 µl/min. The peptide trap was then switched into line with 
the analytical column (SGE ProteCol C18, 300A, 3μm, 150 μm x 10 cm and Exigent 
TEMPO nanoflow). Peptides were eluted from the column using a linear solvent 




500 nL/min over an 80 min period. The liquid chromatography eluent was subject to 
positive ion nanoflow electrospray mass spectrometry (MS) analysis on a Q Star Elite 
(AB Sciex) which was operated in an information dependant acquisition mode. In this 
mode a TOF-MS (time of flight-mass spectrometry) survey scan was acquired (m/z 400-
1,600, 0.5 s) with the three largest multiply charged ions (counts > 25) in the survey 
scan sequentially subjected to MS/MS analysis. MS/MS spectra were accumulated for 
2 s (m/z 100-1,600). The data were processed using the database search program, 
Mascot (Matrix Science Ltd, London UK). Peak lists were searched against Other green 
plants in the SwissProt database (Bairoch and Apweiler, 2000). High scores in the 
database search indicated a likely match, confirmed or qualified by operator 
inspection. Search results were generated with a significance threshold of p<0.01. An 
overview of the entire sample preparation method can be seen in Figure 3.1. 
3.2.6 Intracellular copper analysis 












3.3 Results and Discussion 
To our knowledge IMAC has not previously been used to examine copper-binding 
proteins in marine microalgae. Thus the technique to extract and isolate the proteins 
required considerable optimisation, as described in the section 3.2.2. Sonication 
conditions were optimised and effectively ruptured >80 % of cells from D. tertiolecta, 
C. closterium and P. tricornutum and about 54 % of those from Tetraselmis sp..   
3.3.1 Intracellular copper concentrations 
Intracellular copper concentrations were not proportional to exposure concentration 
nor to the sensitivity of the species (Table 3.1), which was similar to the findings of 
Levy et al. (2008). For example D. tertiolecta was exposed to nine times more copper 
than Tetraselmis sp. but internalised three times less copper than Tetraselmis sp. It 
should be noted that in the copper internalisation experiment Tetraselmis sp. 
exhibited less growth inhibition (11 %) than expected (50 %) based on the copper 
exposure concentration (Table 3.1); however this was not the case in the IMAC protein 
experiments. 
3.3.2 Analysis of isolated proteins 
For each algal species, proteins in control and copper exposed cells were compared. 
Each species showed a different pattern of protein bands recovered by IMAC as 
summarised in Table 3.2. The comparisons were made for individual bands and results 
pooled into molecular mass ranges. Individual band intensities were compared on SDS-
PAGE gels between copper-exposed and unexposed control cells and bands were 
chosen for further analysis based on the copper exposed protein exhibiting >75% 
changes relative to controls in replicate gels and replicate samples. In C. closterium, 
some proteins were barely detectable following copper exposure (~75 kDa), but a new 
band was also detected at ~50 kDa that was absent in control cells (Figure 3.2). For 
Tetraselmis sp., one band in the 40-60 kDa range was also identified as substantially 
less intense for copper-treated versus control cells (Figure 3.2). Differences in protein 
recovery were also observed between control and copper-treated D. tertiolecta and 
P. tricornutum. In copper exposed D. tertiolecta, there was an increase in the intensity 




was an increase in the 60-75 kDa range in copper-exposed cells (Table 3.2). However, 
the protein profiles produced were complex and would require further separation 
and/or sample clean up before individual proteins could be separated sufficiently to 
enable identification, thus the D. tertiolecta and P. tricornutum species were not 
investigated further here.  
In this study, the protein profiles produced are operationally defined, as IMAC does 
not capture all metal-binding proteins. Experiments were performed at the IC50 
concentrations of each algal species, as we have assumed that cells can cope at this 
level of copper exposure demonstrated by growth and division still occurring at 50% 
the rate of control populations. Therefore, we assume that detoxification mechanisms 
are not completely overwhelmed at this exposure level, and any proteins produced in 
response to the copper would be in excess of intracellular copper. However in the 
event that a protein had all of its binding sites saturated with metals prior to the IMAC 






Table 3.1: Exposure concentrations, intracellular copper and growth inhibition results from the intracellular copper experiment (n=3) 
Copper concentrations D. tertiolecta Tetraselmis sp. P. tricornutum C. closterium 
Average exposure concentration  
[95% CI]  (µg Cu/l) 
 
350 [330-370] 38 [36-40] 6 [3-9] 15 [12-18] 
Intracellular copper after 72 h IC50 copper 
exposure ± SE(x 10-16 g Cu/cell) 
420 ± 60 1,200 ± 200 120 ± 50 570 ± 90 
 
% growth inhibition after 72h copper  
exposure ± SE * 
 
49 ± 4 
 
11 ± 4 
 
46 ± 7 
 
79 ± 4 
 
CI = Confidence Interval (sx was calculated from linear regression and used in the formula (tn-2sx)) 
SE = Standard Error (Standard deviation/√N) where N is the number of replicates. 














~Differences in band intensity between unexposed and copper-exposed cells were very small in these regions 
 
Region (kDa) D. tertiolecta Tetraselmis sp. P. tricornutum C. closterium 
0-40 ~ ~ ~ 51-75 % decrease 
40-60 ~ 76-100 % decrease ~ >100 % increase 
60-75 >100 % increase ~ >100 % increase >100 % decrease 
75-85 >100 % increase ~ ~ ~ 
85-100 ~ ~ ~ ~ 





Figure 3.2: SDS-PAGE showing copper-binding protein profiles of control and 72-h copper exposed cells from Tetraselmis sp. and Ceratoneis 
closterium. Numbered bands represent band clusters chosen for further analysis as the copper exposed bands exhibited changes >75 % relative 
to controls in replicate gels and replicate samples. Inset shows expanded region of band clusters noting that band cluster 3 contained 2 bands, 
and band cluster 4 contained 3 bands. Expanded region showing band cluster 3 and 4 comes from a separate gel with minimal protein loaded 
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3.3.3 Identification of copper-affected proteins 
Mass spectrometry results were analysed and the ‘top’ matches compiled along with 
relevant information regarding the quality of the matches (Table 3.3). Protein score is 
-log(p) where p is the probability that the observed match is a random event. Protein 
scores >28 (p <0.01) were considered significant. Alignments of the sequences for all 
species matched were performed as well as for the top three species matches and 
amino acid sequence homology was calculated.  
For C. closterium two bands at ~75 kDa (Figure 3.2, band 1 and 2) were evident in 
proteins purified from control cell lysates; however, these bands were barely 
detectable in the corresponding protein fraction of copper exposed cell lysates. There 
are several possible explanations for this: the expression of the proteins may be 
repressed, they may have become bound to copper within the cell rendering the 
proteins insoluble, or binding to copper may have altered their conformation such that 
they are no longer able to bind to the IMAC column. In any case, the availability of 
these proteins for cellular activity is likely to be compromised. 
As discussed above, protein band 1 (Table 3.3 and Figure 3.2) from the control 
C. closterium was not able to be identified from the database, with all possible 
matches outside the molecular weight range of the excised band and with low protein 
scores. This may be because it is a newly identified protein; however, it is also possible 
that this band contained a mixture of proteins none of which were present in sufficient 
amounts to enable a match. The second C. closterium protein band at ~75 kDa 
(Table 3.3, band 2), which was less abundant in lysates from Cu-treated cells, showed 
matches for some chaperone and heat-shock proteins (HSP) (all from the HSP70 
family).  Heat shock proteins (HSP) and chaperones are involved in the unfolding and 
refolding of proteins (Wang et al., 2004). The absence, undersupply or non-
functionality of this class of proteins is a possible cause of toxicity in cells as they are 
involved in maintaining cell homeostasis as part of the cell’s defence mechanism 
against cellular stress (Wang et al., 2004). HSPs respond to a variety of cellular stresses 
other than temperature, including metal exposure, oxygen radicals and peroxides (De 




and demonstrate (among eukaryotes) around a 70 % amino acid identity (Kiang and 
Tsokos, 1998). Although only 6 % of the amino acid sequence was matched in the 
search, the high level of conservation implies that the protein belongs to the HSP70 
family.  
Another change identified by analyses of lysates prepared from C. closterium cells was 
the appearance of an additional band at ~50 kDa in the copper-exposed cells that was 
not present in control C. closterium cells (Figure 3.2, band cluster 4). Resolution 
between bands was low when ~50 µg of protein was loaded onto the gel. Band clusters 
3 and 4 (Table 3.3 and Figure 3.2) could only be resolved when significantly less protein 
(~5-10 µg) was loaded onto the electrophoresis gel; however, this did not permit 
excision of sufficient protein from the band of interest for further analysis (Figure 3.2, 
inset of band cluster 3 and 4). Thus the band clusters were excised as a single sample 
and analysed.  
Several proteins were identified in band clusters 3 and 4 from C. closterium extracts at 
~50 kDa (control and copper exposed, Figure 3.2, band 3 and 4). The strongest match 
for the most abundant protein at this size was Ribulose bisphosphate carboxylase large 
chain (Rubisco), which is one of the most abundant proteins in the world (Ellis, 1979), 
and consists of a large chain component (typically 50-55 kDa) and a small chain 
component (typically ~15 kDa) (Taylor et al., 2001). Rubisco is involved in carbon 
fixation and therefore is expected to be found in all algal cells. While this may be the 
higher molecular weight protein in band clusters 3 and 4, it is unlikely to be the lower 
molecular weight protein band unique to copper-exposed C. closterium (Figure 3.2, 
band 4).  
Rubisco was also found in both the control and copper-exposed Tetraselmis sp. mass 
spectrometry analyses of proteins extracted from the gels within bands 5 and 6 (Table 
3.3 and Figure 3.2, band 5 and 6), with less protein detected in the copper-exposed 
cells (band 6). For C. closterium protein matches were to two other diatoms 
Cylindrotheca and Thalassiosira and for Tetraselmis sp. matches were to Euglena 
(unicellular flagellate protists); this likely corresponds to differences between diatoms 




Cylindrotheca closterium and Nitzschia closterium (Hallegraeff et al., 2010). Therefore, 
the Cylindrotheca sp. protein matches from the Mascot databank could be from a 
closely-related species or indeed from the same species as that used in this study. 
Rubisco has been shown to decrease in both amount and enzymatic activity following 
copper exposure in rice plants (Oryza sativa L.) (Hajduch et al., 2001; Lindon and 
Henriques, 1991) and barley plants (Demirevska-Kepova et al., 2004). In O. sativa L. 
degradation products of the large chain subunit were observed following exposure to 
copper (Hajduch et al., 2001). 
Bands 5 and 6 (Figure 3.2) from Tetraselmis sp. had several other protein matches in 
addition to Rubisco. These included ATP (Adenosine-5’-triphosphate) synthase 
(subunit β) and tubulin (α and β). Although the same proteins were identified in both 
the copper-exposed and control treatments (Table 3.3, bands 5 and 6), overall there 





Table 3.3: Protein matches for selected proteins (chosen for further analysis as the copper exposed protein exhibited changes >75% relative to controls in replicate gels and 
replicate samples) bound to a Cu-IMAC column (labelled band clusters 1-6 from Figure 3.2)  from lysates prepared from two marine microalgal species Ceratoneis closterium 
and Tetraselmis sp.  
Sample/ 
Species 
























Ribulose bisphosphate carboxylase 
large chain 
1 - Cylindrotheca sp. 54,001 - 2 6 104 
            
uncharacterized ycf88 1 - Odontella sinensis 17,379 - 1 19 48 
            
ATP synthase subunit delta, 
chloroplastic 
1 - Odontella sinensis 21,117 - 1 7 30 
             







Ribulose bisphosphate carboxylase 
large chain 
1 - Cylindrotheca sp. 54,001 - 2 4 131 
            
Chaperone protein dnaK 2 74 Odontella sinensis 67,128 74 2 6 112 
Thalassiosira pseudonana 65,298 2 6 104 
            
Heat shock 70-related protein 2 60 Leishmania major (fragment) 24,796 60 1 7 73 
Pyrenomonas salina 72,035 1 2 73 
             
Band cluster 3 
Ceratoneis 
closterium control  
 
(Two bands present in 
control cells) 
Ribulose bisphosphate carboxylase 
large chain 
5 68 Cylindrotheca sp. 54,001 82 12 27 749 
Thalassiosira pseudonana 54,289 9 17 404 
Cyanidioschyzon merolae 54,099 8 16 332 
           
ATP synthase subunit beta, 
chloroplastic 
2 93 Odontella sinensis 51,477 93 2 6 134 
Thalassiosira pseudonana 51,111 2 6 134 
            
Glyceraldehyde-3-phosphate 
dehydrogenase, chloroplastic 
1 - Chondrus crispus 44,430 - 1 3 28 
             
Band cluster 4 
Ceratoneis 
closterium copper  
 
(Three bands present 
in copper exposed 
cells) 
Ribulose bisphosphate carboxylase 
large chain 
8 42 Cylindrotheca sp. 54,001 82 12 26 1312 
Thalassiosira pseudonana 54,289 9 20 488 
Cyanidioschyzon merolae 54,099 7 14 427 
            
ATP synthase subunit beta, 
chloroplastic 
2 93 Odontella sinensis 51,477 93 1 3 101 
Thalassiosira pseudonana 51,111 1 3 101 
            
ATP synthase subunit alpha, 
mitochondrial 
1 - Dictyostelium citrinum 57,224 - 1 3 59 































Ribulose bisphosphate carboxylase 
large chain 
9 43 Euglena viridis (fragment) 48,328 94 5 13 315 
Euglena anabaena (fragment) 48,256 6 15 209 
Euglena geniculata (fragment) 48,193 6 15 209 
           
Tubulin beta chain 3 87 Cyanophora paradoxa (beta-1) 49,792 87 3 8 165 
Ectocarpus variabilis (beta-5) 49,973 1 4 117 
Ectocarpus variabilis (beta-6) 50,114 1 4 117 
            
Tubulin alpha chain 4 72 Pelvetia fastigiata (alpha-1 chain) 49,905 74 1 4 111 
Pelvetia fastigiata (alpha-2 chain) 49,948 1 4 111 
Guillardia theta (alpha chain, nucleomorph) 49,771 1 4 90 
           
ATP synthase subunit beta, 
chloroplastic 
17 60 Cyanidium caldarium 53,244 72 1 3 52 
Cyanidioschyzon merolae 50,382 1 3 52 
Dictyota dichotoma 52,171 1 3 52 
             







ATP synthase subunit beta, 
chloroplastic 
3 88 Dictyota dichotoma 52,171 88 7 19 262 
Fucus vesiculosus 51,541 7 19 262 
Pylaiella littoralis 51,993 7 19 262 
           
Tubulin beta chain 4 83 Cyanophora paradoxa (beta-1 ) 49,792 83 5 12 279 
Oomycete-like sp. strain MacKay2000 (beta-4) 50,334 4 9 191 
Ectocarpus variabilis (beta-5) 49,973 1 4 99 
            
Tubulin alpha chain 5 82 Pelvetia fastigiata (alpha-2) 49,948 88 4 15 232 
Naegleria gruberi (alpha 1/2/3) 49,810 3 10 143 
Naegleria gruberi (alpha-13) 49,782 3 10 143 
            
Ribulose bisphosphate carboxylase 
large chain 
8 44 Euglena viridis (fragment) 48,328 94 4 7 205 
Euglena anabaena (fragment) 48,256 5 11 187 
Euglena geniculata (fragment) 48,193 5 11 187 
           
V-type proton ATPase subunit B 
    
1 - Cyanidium caldarium 56,398 - 1 3 59 
Mitochondrial import inner 
membrane translocase subunit 
TIM50 
1 - Phytophtora infestans 45,237 - 1 2 29 




α and β tubulins form a heterodimeric complex known as microtubules, these are 
important structural building blocks for structures such as flagella (Stephens, 1978). α 
and β tubulins are different in structure, however their individual structures are highly 
conserved amongst a variety of families (Dutcher, 2001). When comparing the whole 
superfamily of tubulins (including α, β, γ, δ, ε, ζ and η) only the guanidine di- or tri-
phosphate (GDP/GTP)-binding sites (and several other single amino acids) are 
conserved. However, whilst their structures are different, tubulins have a related 
function (Dutcher, 2001), as an important component in spindle formation during cell 
division. Spindle formation and dissolution depend on the ratio between sulfhydryl 
groups and disulfide bonds (Önfelt, 1983). Although the data from this experiment is 
unable to conclusively show whether copper has had an effect on tubulin levels within 
the cell, copper is redox active and would be able to oxidise sulfhydryl groups e.g. in 
glutathione and tubulins, leading to impacts on microtubule assembly and subsequent 
inhibition of cell division (Önfelt, 1983).  
ATP synthase (subunit β) was matched in both control and copper exposed cells from 
C. closterium (Figure 3.2, band 3 and 4) and Tetraselmis sp. (Table 3.3, band 5 and 6). 
In Tetraselmis sp., a decrease in the overall intensity of this band was observed after 
copper exposure and may be a result of a decrease in the levels of one or several of 
the identified proteins from this band (Figure 3.2, band 6). The whole ATP synthase 
complex catalyses the formation of ATP, the “energy currency” of the cell (Runswick 
and Walker, 1983; Walker et al., 1982). The structure of the β subunit of ATP synthase 
is highly conserved. In a study by Runswick and Walker (1983) the alignment between 
the β subunits of spinach chloroplasts, maize chloroplasts, bovine mitochondria and 
Escherichia coli had more than 50 % amino acid sequence homology over all four 
species, and this increased to between 64 and 88% when comparing any two of the 
species. This is relatively high conservation considering the variety of species being 
examined. This shows that the matches for ATP synthase subunit β are quite strong 
matches (Table 3.3, band 3, 4, 5 and 6) given the high level of homology within this 
particular protein’s evolution. Previous publications on algae, tomato plants and rat 
hepatoma cells have shown metal (including copper) inhibition of ATP-synthesis (Cid et 




essential for energy-requiring cellular processes, thus inhibition of ATP synthesis by 
copper can be one important mode of metal toxicity to algae.  
The most copper tolerant species in this study (D. tertiolecta) showed fewer changes 
overall in the levels of copper-binding proteins following copper exposure than the 
more sensitive species C. closterium. This supports the original hypothesis that 
proteins bound to the IMAC column from the tolerant species would be less affected. 
Tetraselmis sp. is also reasonably tolerant (with an IC50 value of approximately 2-3 
times greater than C. closterium) and it too exhibited smaller changes than 
C. closterium. However, in contrast to this hypothesis, P. tricornutum has smaller 
changes in the copper-binding proteins detected following copper exposure than C. 
closterium despite P. tricornutum being more sensitive to copper than the latter. This 
may be due to the amount of intracellular copper content where P. tricornutum takes 
up approximately five times less copper over 72 h than C. closterium. Furthermore, the 
amount of copper internalised by the different algae is not consistent with the order of 
their respective copper tolerances. When exposed to their respective IC50 copper 
concentration, Tetraselmis sp. internalises significantly more copper than C. closterium 
(Table 3.1; 1200 ± 200 and 570 ± 90 x 10-16 g Cu/cell (1900 ± 300 and 900 ± 100 amol 
Cu/cell), respectively), however both internalised more than either D. tertiolecta or 
P. tricornutum. 
The IMAC/SDS-PAGE method used in this study has identified a number of protein 
bands that may be affected by cell exposure to copper. Some of the bands contained 
multiple proteins so we were unable to unequivocally state that specific protein(s) 
were affected by copper exposure. In this study, the protein bands (bound to and 
recovered from IMAC) that were affected when algae were exposed to copper 
included heat-shock proteins, tubulins (α and β), Rubisco (large chain) and ATP 
synthase (β subunit). The observed changes in protein band intensity may reflect 
changes in protein expression, conformation, or metal complexation within the cell. 
Whilst the results from this study alone are not yet able to fully explain the differences 
in copper tolerance between these species, future work in our laboratory examining 




phytochelatins) in marine algae may provide further insights into the mode of action of 
copper and will be the focus of future studies. 
3.4 Conclusions 
This study used Cu-IMAC and SDS-PAGE to identify changes in the recovery of copper-
binding proteins from copper-exposed and untreated control cells from four species of 
marine microalgae. IMAC was successfully used to isolate copper-binding proteins 
from complex marine microalgal lysates. A 72-h exposure of cells to the IC50 copper 
concentration was found to alter the levels of copper-binding proteins recovered from 
lysates of the four species. In some cases copper exposure led to a decrease in the 
amount of detectable protein, and in one case, the appearance of an additional 
protein not previously detected. For P. tricornutum and D. tertiolecta, although 
differences in proteins were detected between copper-exposed and unexposed cells, 
the complexity of the copper-binding protein fraction meant that 1-D SDS-PAGE was 
unable to sufficiently resolve the protein bands to permit further investigation. In 
future work this could be remedied by employing 2-D electrophoresis (separating by 
both isoelectric point and size) to better resolve the proteins prior to subsequent 
analysis (Ritter et al., 2010; Smith et al., 2004). The proteins thus identified are likely to 











Chapter 4: Phytochelatin 
production in cadmium-exposed green 
freshwater algae: Chlamydomonas 
reinhardtii and Pseudokirchneriella 
subcapitata 






The work in this chapter was conducted in 2011 under an Australian Endeavour 
Research Fellowship award. A period of six months was spent at the INRS-ETE (Institut 
National Research Scientifique – Eau, Terre, Environnement), Québec City, Québec, 
Canada in the laboratories of Professors Fortin and Campbell with assistance from 
their (then) PhD student, Dr Lavoie. The purpose of this work was to learn the 
phytochelatin extraction, derivatisation and measurement techniques previously 
published by Lavoie et al. (2009). The pilot study described here was also used to test 
the feasibility of our future planned phytochelatins research. This was achieved by 
assessing the needs of the experiment, addressing shortcomings and troubleshooting 
problems that arose. 
This work utilised two freshwater species Chlamydomonas reinhardtii and 
Pseudokirchneriella subcapitata exposed to cadmium. These species and metal were 
chosen as they were readily available in the Québec laboratory and had successfully 
been utilised for phytochelatin analysis previously by Dr Lavoie. The experiments 
described in this chapter were designed and performed by myself with advice from 
Professors Fortin, Campbell and Dr Lavoie. All interpretation and reporting of the data 
was drafted by myself and edited with the assistance of my PhD supervisors and 
collaborators in Québec, Canada. 
As the work described in this chapter was originally intended as a pilot study to learn 
the required techniques, the data described herein is not a complete study. Due to 
time constraints at the Canadian laboratories, a comprehensive results chapter was 
not able to be presented. The data presented, however, gave insight into the patterns 
of PCs expected in future work. This pilot study was also instrumental in highlighting 
challenges that would arise in future experiments and assisted in planning and 








Cadmium is considered an element of priority interest by Environment Canada (1997). 
Studies have consistently shown that anthropogenic activities are the main 
contributors to cadmium in its biogeochemical cycle, and that those inputs are 
increasing (Campbell, 2006). Acid rain, and its subsequent effects have increased the 
mobility of cadmium in the environment (Campbell, 2006). Non-contaminated sites 
typically have cadmium concentrations below 0.1 nM (Xue and Sigg, 1998), however 
contaminated sites, in particular mine-impacted sites, have exhibited cadmium 
concentrations up to 5-7 nM (Cresswell et al., 2013; Hare and Tessier, 1996; Kraemer 
et al., 2006).  
Chlamydomonas reinhardtii and Pseudokirchneriella subcapitata are used extensively 
in freshwater ecotoxicology research and therefore provide a useful species for 
comparison of research towards a common goal of elucidating the modes of action of 
metal toxicity. In freshwater research the composition of the water greatly impacts the 
speciation of the metal and it has been shown that it is the free metal ion, not the total 
dissolved metal, that is the more relevant measure of bioavailability (Ahner et al., 
1994). It is therefore important to note the composition of test media and to use 
software packages such as MINEQL+ to determine the portion of free metal ion for 
exposure concentrations. 
4.3 Methods 
The methods described in this chapter are (except where noted) different to those 
described in chapter 2. As mentioned in the preface (section 4.1) this work was 
conducted as a pilot study in another laboratory, as such their methods and 
procedures were adopted and are described in this chapter. 
4.3.1 Culture of algae and metal exposure 
C. reinhardtii and P. subcapitata (obtained from Canadian Phycological Culture Centre 
(CPCC), University of Waterloo, ON, Canada) were grown in MHSM-1 (Lavoie et al. 
2009) at 20 °C under continuous light (100 µmol/m2/s) with constant rotary agitation 




exponential growth phase, this corresponded to approximately 60 h for C. reinhardtii 
and 96 h for P. subcapitata. Algae were inoculated into either control or exposure 
culture (MHSM-1 or MHSM-1 + Cd + EDTA, respectively) and allowed to grow for the 
specified amounts of time. 
Algae were exposed to Cd (700 nM Cd and 1.3 µM EDTA, corresponding to 73 nM of 
free Cd2+ (MINEQL+ v4.6)) to study the induction of phytochelatins over time as 
compared to control cultures. During the exposure bioassay samples were taken at 3, 
6, 24, 48 and 72 h. Algae were kept in the exponential growth phase through semi-
continuous culture methods where fresh media (with or without added cadmium for 
exposed and control cells, respectively) was added after approximately 30 h for the 48- 
and 72-h exposures. It should be noted that 48-h and 72-h exposures had variability 
issues with cadmium exposure concentrations and were not investigated further in this 
pilot study. 
4.3.2 Thiol analysis 
Samples corresponding to approximately 1-1.5 x 105 cells were collected by 
centrifugation (5000 x g, 8 min). The cell pellet was washed with MHSM-rinse + 2 µM 
EDTA then centrifuged and washed two more times before being resuspended in 
200-500 µL of HCl/DTPA (0.1 M/5 mM). This produced a final cell concentration of 
approximately 4 x 105 cells/mL (quantified with a coulter particle counter (Multisizer™ 
3 Coulter counter® with a 70 µm aperture, Beckman, Miami, FL, USA) after dilution 
with Isoton III electrolyte (Beckman)). A small aliquot was taken for intracellular Cd 
determination. The resuspended cells were immediately heated (90 °C for 2 min) and 
cooled in a refrigerator for at least 1 h prior to derivatisation.  The extracted cells were 
centrifuged (4 °C, 10 min, 10000 x g) to pellet cellular debris. Supernatant (100 µL) was 
derivatised as described in section 2.7. At least one extra sample in every analysis 
batch was spiked with PC3 and PC4 to determine exactly where the peaks eluted as 
there were two possible peaks present very close to the standard elution time (for 
C. reinhardtii). 
Chromatographic separation was performed by HPLC (Dionex Summit™, Sunnyvale, 




using a reverse phase C18 column (250 mm x 4.6 mm, particle size 5 µm, Alltech 
Econosphere, Deerfield, IL, USA) and detected by fluorescence at 380 nm excitation 
and 470 nm emission wavelengths. The gradient elution program used 0.1% 
trifluoroacetic acid (TFA) in ultrapure Milli-Q water as solvent A and 100% HPLC grade 
acetonitrile as solvent B. A linear gradient of solvent B from 5-11% for 30 min followed 
by a second linear gradient from 11-31% over 50 min at a flow rate of 1 mL/min was 
used. The column was washed with 100% B for 5 min and re-equilibrated at 5% B for a 
further 10 min. A 50 µL injection loop was used. A calibration curve using GSH was 
constructed for the calculation of the concentration of GSH and PC2 using the 
derivatisation efficiencies previously reported by Lavoie et al. (2009) as a PC2 standard 
was not available in the timeframe of this pilot study. This method of calculating PC2 
from GSH calibration curves utilising previously determined derivatisation efficiencies 
is hence referred to as the GSH calculation method. The concentration of PC3 and PC4 
was calculated by the GSH calculation method as well as with their own separate 
calibration curves. The two values (calculated from the GSH method and PCx standard 
calibration curves) agreed quite well with differences being ≤ 8%. 
4.3.3 Intracellular cadmium 
Cells were harvested by centrifugation (5000 x g, 8 min), the cell pellet was washed 
with MHSM-rinse (no added trace metals) with 2 µM EDTA, mixed thoroughly and re-
centrifuged, this was repeated twice. The cell pellet was then digested for metal 
analysis, this was operationally defined as intracellular metal. 
Cells were digested with 800 µL of trace metal grade HNO3 and 200 µL of ACS grade 
H2O2 for 18 h at ambient temperature. The digests were diluted to 10 mL with Milli-Q 
water) and measured by ICP-AES (Inductively coupled plasma – atomic emission 
spectroscopy, detection limit 0.43 µg Cd/L). Total cadmium (detection limit 0.06 µg 
Cd/L) in the exposure solutions at the end of each exposure experiment was also 
measured. Two sets of standards were used for the two difference matrices: 
intracellular cadmium was measured in an 8% HNO3 and 2% H2O2 matrix and total 




































C. reinhardtii P. subcapitata
4.4 Results and Discussion 
4.4.1 Intracellular cadmium 
The internalised metal content increased with time of exposure (3 < 6 < 24 h). All 
intracellular metal concentrations were above the detection limit of the ICP-AES (0.43 
µg Cd/L) except control cells, which were below the detection limit. C. reinhardtii 
internalised 42, 79 and 196 amol Cd/cell at 3, 6 and 24 h, respectively, whereas 
P. subcapitata internalised less than 5% of cadmium internalised by the more tolerant 
species C. reinhardtii (Figure 4.1). C. reinhardtii is considerably larger than 
P. subcapitata and this may account for some difference in cadmium uptake. 
Intracellular cadmium concentrations for P. subcapitata were 2.4 ± 0.1, 3.2 ± 0.2 and 
9.2 ± 0.5 amol Cd/cell (mean ± SE, n=3) for 3, 6 and 24 h. At 24 h there was a growth 
inhibition (calculated from cell yield) of ~15% for C. reinhardtii but only ~5% for 
P. subcapitata. The growth inhibition remained steady for 48 h and increased to ~45% 
at 72 h for C. reinhardtii. For P. subcapitata it increased dramatically to 30 and 60% at 
48 and 72 h, respectively, however due to the aforementioned issues with exposure 
concentrations at 48 and 72 h cell harvested from these time points were not studied 
further. Instead previously published growth inhibition results were used in data 








Figure 4.1: Intracellular Cd accumulation over 24 h in C. reinhardtii and P. subcapitata 




4.4.2 Net phytochelatin production 
Metal exposure induced elevated levels of intracellular phytochelatins (PC) (Figure 4.2) 
with different production patterns evident for each species (Figure 4.3). Basal 
phytochelatins varied between the two species with C. reinhardtii having 
approximately five times greater PC concentrations than P. subcapitata. For both 
C. reinhardtii and P. subcapitata total PC-SH increased with increased exposure time, 
however C. reinhardtii (197 amol PC-SH/cell) produced significantly more PC than 
P. subcapitata (35 ± 2 amol PC-SH/cell) after 24 h of exposure. This increased 
production was consistent across all exposure durations studied. 
Lavoie et al. (2009) showed that lower Cd exposure concentrations led to less Cd 
uptake, lower net PC production and generally shorter PC chain length. In the present 
study the PC response of P. subcapitata is predominately PC2 (which does not bind Cd 
as strongly as longer PC chains (Mehra et al., 1995)) due to the low amount of Cd 
inside the cells. The lack of change in the amount of PC produced between 3 and 6 h 
follows the small increase in intracellular Cd. This minimal change in intracellular 
cadmium may be due to cellular defences (e.g. exclusion and/or efflux of metal ions) 
preventing an increase in net internalised Cd. Errécalde and Campbell (2000) have 
previously shown that the presence of citrate greatly enhances cadmium uptake and 
toxicity in P. subcapitata suggesting that cadmium does not have a high natural uptake 
rate in P. subcapitata. The constant intracellular cadmium may also be due to cell 
division, as after 6 h approximately one quarter of the cells should have divided and 
thus intracellular Cd and phytochelatins concentrations would decrease as the cells 
divided, theoretically halving the cell contents in the process. The increase in PC2 at 
24 h occurred simultaneously with increased intracellular Cd. In control cells PC2 was 
the dominant form for both species comprising 58 and 71% of measured PC in 
C. reinhardtii and P. subcapitata, respectively.  
Both species exhibited increases in PC3 and PC4 with increasing exposure duration, 































C. reinhardtii also produced thiols that did not correspond to the PC2-4 identified 
through standards. Lavoie et al. (2009) also noted these thiols which eluted just after 
PC3 and were present in Cd-exposed cells for both species, but the peak was more 
prevalent in C. reinhardtii. Given the increased net production of PC3 in C. reinhardtii 
and the similar molecular weight derivative of this thiol, it could be related to PC3 and 
play an important role in the defence mechanism that gives C. reinhardtii its tolerance 
to Cd. Collection of this thiol and analysis by mass spectrometry could be possible, 
however, with the mBrB fluorescent tag attached and no knowledge of the amount of 
fluorescent tag bound per molecule it could be difficult to obtain a definitive molecular 
weight or molecule identification. Separation without derivatisation, or an online 
HPLC-MS system that would allow detection without the fluorescent tag could be 
useful in determining the identity of this unknown thiol. Previously published studies 
would suggest it is a phytochelatin-related thiol compound (Braütigam et al., 2009). 
 
Figure 4.2: Total thiols (as phytochelatins) produced in C. reinhardtii and P. subcapitata 
following 0-24 h exposure to 73 nM Cd2+. Error bars are not available for C. reinhardtii, 
however, they are present for P. subcapitata, and are entirely within data markers 






Figure 4.3: The difference in phytochelatin net production and chain length in A) C. 
reinhardtii and B) P. subcapitata after exposure to 73 nM Cd2+ for 3, 6 and 24 h. Data 
are presented in amol SH per cell. Error bars are only available for P. subcapitata 
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4.4.3 Relationships between intracellular cadmium, phytochelatin production and 
species sensitivity 
Comparisons between intracellular cadmium (Cdintra) and PC showed interesting 
variability between the species. C. reinhardtii had net PC production consistently at a 
1:1 ratio of PC-SH:Cdintra (phytochelatin based thiols:intracellular cadmium), 
P. subcapitata however had ratios from 9:1 (3 h) decreasing to 4:1 (24 h), substantially 
higher than C. reinhardtii (Figure 4.4). This different pattern of phytochelatin 
production suggests either different levels of stress, or different detoxification 
mechanisms. P. subcapitata’s greater sensitivity to cadmium and relatively low 
intracellular cadmium would suggest that less cellular production of phytochelatins 
would occur as a result of exposure. However, the ratio of PC-SH:Cdintra observed in 
Figure 4.4 indicates a higher thiol response (relative to intracellular cadmium) in 
P. subcapitata compared to C. reinhardtii, suggesting that P. subcapitata is more 
sensitive to intracellular cadmium. The ratios observed in the current study after 24 h 
of exposure are similar to those observed by Lavoie et al. (2009) following 72 h or 96 h 
for C. reinhardtii and P. subcapitata. C. reinhardtii exhibited ratios of approximately 1:1 
and P. subcapitata of approximately 2:1 PC-SH:Cdintra at their respective IC50 exposure 
concentrations (Lavoie et al. 2009). 
In addition to examining the relationship between total PC and intracellular Cd, the 
chain length relative to internalised cadmium was also examined (Figure 4.5). As 
expected from the plateau in PC2 concentrations, PC2 associated thiols (PC2-SH): Cdintra 
decreased with increasing intracellular cadmium in both species; the same was 
observed for PC4, however with a smaller decrease. Thiols associated with PC3 (PC3-SH) 
to Cdintra ratios differed between the two species, P. subcapitata’s PC3-SH:Cdintra ratio 
decreased in a similar pattern to PC2-SH:Cdintra (Figure 4.5). C. reinhardtii on the other 
hand increased in the ratio of PC3-SH:Cdintra as exposure time increased, suggesting 
that PC3 plays a considerable role in cadmium detoxification in C. reinhardtii. This 
increasing PC3-SH:Cdintra ratio indicates that C. reinhardtii is coping with the higher 
level of intracellular cadmium, in comparison to P. subcapitata which only had 
decreasing ratios. This observation is consistent with the relative sensitivity of the two 





Figure 4.4: Relationship between phytochelatins based thiols and intracellular 
cadmium concentrations in C. reinhardtii and P. subcapitata 
 
Figure 4.5: Molar ratio of individual phytochelatin chain lengths (PC2, PC3, PC4) 
produced per mole of intracellular Cd for C. reinhardtii (CR) and P. subcapitata (PS) 
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4.5 Conclusions and future considerations 
It would appear that there are multiple mechanisms associated with metal tolerance in 
microalgae. The intracellular Cd concentration at 24 h is 8.8 amol Cd/cell for 
P. subcapitata and 196 amol Cd/cell for C. reinhardtii, showing a 20-fold difference in 
Cd uptake at the same exposure concentration. It is likely that the primary defence 
mechanism for P. subcapitata is exclusion of Cd, whereas C. reinhardtii appears to 
make more use of the phytochelatin detoxification system. 
C. reinhardtii produced PC3 and PC4 in a stepwise fashion correlating to increased 
intracellular Cd. The molar ratios of PC to metal showed the net production of PC3 
increased as intracellular Cd rose, suggesting C. reinhardtii is coping effectively with 
intracellular cadmium concentrations. However, growth inhibition still occurred at this 
level of exposure suggesting that phytochelatin production has not counteracted all 
the toxic effects of cadmium or phytochelatin production was to the detriment of 
normal cellular function and cellular division. 
This pilot study has provided insight into patterns that may be present in algae in 
response to metal exposures, in particular differences between algae of different 
metal sensitivity. This pilot study highlighted difficulties in maintaining equal metal 
exposure across all exposure durations and this issue was addressed in future work. 
This study showed that the experiment design was feasible and successfully 
determined the net phytochelatin production over 24 h in two freshwater green algae. 
Future investigations into why the response is different between P. subcapitata and 
C. reinhardtii could examine whether the conversion to longer PC chains is slower, less 
efficient or requires higher intracellular Cd amounts for the conversion to longer 










Chapter 5: Copper-induced changes 
in intracellular thiols in two marine 
diatoms: Phaeodactylum tricornutum 






 The work in this chapter has been accepted for publication as Smith CL, Steele JE, 
Stauber JL, and Jolley DF (2014) Copper-induced changes in intracellular thiols in two 
marine diatoms: Phaeodactylum tricornutum and Ceratoneis closterium. Aquatic 
Toxicology (in press). 
 
 
As the first author the vast majority of the work presented in this chapter (and article) 
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The ability of algae to tolerate metal exposure varies considerably with species. Some 
species are remarkably tolerant, able to cope with metal concentrations hundreds of 
times above background; others are quite sensitive, requiring only a few µg per litre to 
be adversely affected. Previous work (Levy et al., 2007; Levy et al., 2008) looking at a 
variety of species showed that cell size, extracellularly bound copper and internalised 
copper did not explain differences in copper sensitivity of microalgae. It is well-
established that cell-metal interactions can lead to oxidative damage, particularly 
when redox active metals are involved (Tsuji et al., 2002; Zenk, 1996). Metals may also 
bind to and inactivate important proteins and macromolecules within the cell 
(Chapter 3). Thus, different species of diatoms are likely to metabolically manage 
intracellular copper in different ways.   
In order to apply biotic ligand models to derive site-specific metal water quality 
guidelines for ecosystem protection, it is essential to have a better understanding of 
the mechanism of metal toxicity in microalgae. This research aims to examine the 
production of intracellular thiols (as glutathione and phytochelatin) in microalgae in 
response to environmentally relevant copper exposures. Two pennate diatoms similar 
in size, shape and copper tolerance, Phaeodactylum tricornutum and Ceratoneis 
closterium were investigated. The previously reported IC50 from prior work 
(concentration of copper needed to inhibit population growth by 50%) and 95% 
confidence interval for P. tricornutum and C. closterium are 8.0 (4.7 – 8.3) µg Cu/L 
(126 nM) and 18 (6 – 30) µg Cu/L (283 nM), respectively (Johnson et al., 2007; Levy et 
al., 2008). Despite the similarity in copper tolerance C. closterium has demonstrated a 
greater uptake of copper than P. tricornutum following a 72-h IC50 copper exposure. 
Microalgae, when exposure to copper concentrations much greater than their 
respective 72-h IC50 concentrations have shown differences in their total intracellular 
thiols (Morelli and Scarano, 2004; Stauber and Florence, 1986). 
This study investigates the glutathione ratio and phytochelatin production over time in 
these two marine diatoms in response to copper using both a commercially available 




(HPLC) fluorescence technique (Lavoie et al., 2009; Le Faucheur et al., 2005). As a 
result of the increased intracellular copper concentration, a significant impact on the 
intracellular thiol content is expected in C. closterium in the form of a decreased 
reduced:oxidised glutathione ratio and greater quantities of longer chain 
phytochelatins in comparison to P. tricornutum. 
5.2 Methods 
5.2.1 Culture of algae and metal exposure bioassays 
Algae were grown in f (C. closterium) or f/2 media (P. tricornutum) as per section 2.2. 
Cells were harvested and prepared for exposure bioassays as per section 2.3. Exposure 
treatments were performed in triplicate. Cell densities varied with exposure time, as 
for exposures under 24 h, there was little to no growth and therefore larger numbers 
of cells were required to have sufficient biomass for glutathione and PC analysis. For 
0.5, 3 and 6 h exposures, approximately 5 x 105 cells/mL were inoculated into bioassay 
flasks, and ~ 3 x 105, ~ 1 x 105 and ~ 5 x 104 cells/mL for 24-, 48- and 72-h exposures. 
Density of algal cultures was determined via flow cytometry (section 2.4). Population 
growth was determined at regular intervals throughout exposure bioassays as 
described in section 2.3. Growth inhibition was calculated as described in section 2.4. 
5.2.2 Thiol extraction and analysis by fluorescence method 
The extraction efficiency of the fluorescence thiol extraction method was investigated 
for each diatom species as described in section 2.6.2. Thiols were extracted from cells 
(section 2.6.2) and determined by HPLC fluorescence detection (section 2.7). 
Total thiols were determined as per Equation 2.1. 
5.2.3 Total and oxidised glutathione analysis by enzymatic method 
Glutathione was extracted from cells (section 2.6.3) and concentrations were 
determined for total, oxidised and reduced glutathione as per section 2.8. 
Quality control checks were performed, and the data was accurate with glutathione 




C. closterium. It was determined that separate calibration curves were required for 
GSH and GSSG due to the addition of the 2-vinylpyridine, however the presence of 
copper did not significantly inhibit the assay and therefore an additional calibration 
curve to compensate for copper in the lysed cells was not needed (data not shown). 
Degradation of the samples over 60 mins (incubation time) at ambient temperature 
was also found to be negligible (data not shown). 
5.2.4 Intracellular copper analysis 
Intracellular copper was determined for algal cells exposed to copper for 0.5, 3, 6, 24, 
48 and 72 h by ICP-AES as described in section 2.5. 
5.2.5 Statistical analysis 
Comparisons between means for statistically significant differences was carried out 
using a t-test for comparison of two means (p < 0.05) as per section 2.9. 
5.3 Results and Discussion 
5.3.1 Metal exposure and growth inhibition 
In each bioassay the goal was to achieve a constant copper concentration at 72-h IC50 
based on Levy et al. (2007), (8.0 µg Cu/L (126 nM)  and 18 µg Cu/L (283 nM) for 
P. tricornutum and C. closterium, respectively) throughout the test duration. For 
P. tricornutum the average (± SE) copper concentration over each interval was 14 ± 2 
µg Cu/L (220 ± 30 nM), which resulted in a 50 ± 6% growth inhibition at 72 h. For 
C. closterium the dissolved copper concentration in solution decreased due to copper 
adsorption to the cells, resulting in average exposure concentrations of 7 ± 1, 10 ± 2, 
and 21 ± 1 µg Cu/L (110 ± 20, 160 ± 30, 330 ± 20 nM, respectively) for 0.5 – 6 h, 24 h 
and 48-72 h, respectively, achieving 34 ± 2% growth inhibition at 72 h. Although this 
change in copper exposure complicates the interpretation of the results, a clear 
pattern was still observed (sections 5.3.4, 5.3.5 and 5.3.6).  
5.3.2 Intracellular copper content 
P. tricornutum and C. closterium are similar in cell structure, shape, size, and sensitivity 




(Table 5.1). Over the first 6 hours intracellular copper was similar in both species, 
however by 48 h C. closterium had much higher intracellular copper, and by 72 h 
contained almost five times more copper than P. tricornutum (900 ± 100 and 190 ± 50 
amol Cu/cell, respectively). The decrease in intracellular copper in P. tricornutum at 
24 h is likely due to the lower copper exposure and does not fit into the linearly 





Table 5.1: Intracellular copper concentrations in Phaeodactylum tricornutum and Ceratoneis closterium over 72 h (mean ± SE, n ≥ 3). 
Phaeodactylum tricornutum 
 
Control 0.5 3 6 24 48 72 
Intracellular 
copper (amol 
Cu/cell) ± SE 
 
13 ± 2 8.4 ± 0.5 16 ± 1 31 ± 18 22 ± 2 100 ± 20 190 ±50 
Dissolved Cu in 
solution µg/L 
(nM) ± SE 
a 
16  ± 4 
(250 ± 60) 
9.3 ± 0.6 
(150 ± 10) 
9 ± 2 
(140 ± 30) 
2.7 ± 0.6 
(40 ± 10) 
8 ± 2 
(130 ± 30) 
5 ± 1 
(80 ± 20) 
Ceratoneis closterium 
 
Control 0.5 3 6 24 48 72 
Intracellular 
copper (amol 
Cu/cell) ± SE 
 
14 ± 4 14 ± 2 21.3 ± 0.6 37 ± 2 50 ± 5 250 ± 20  900 ± 100 
Dissolved Cu in 
solution µg/L 
(nM) ± SE 
a 
24 ± 1 
(380 ± 20) 
16 ± 2 
(250 ± 30) 
10.8 ± 0.8 
(170 ± 10) 
8.2 ± 0.3 
(129 ± 5) 
11.3 ± 0.3 
(178 ± 5) 
11 ± 3 
(170 ± 50) 





5.3.3 Extraction of thiols 
5.3.3.1 Fluorescence method extraction efficiency 
The extraction efficiency of glutathione from P. tricornutum and C. closterium was 
similar; both achieved ~80% in first extraction (77.2 ± 0.8% and 81.9 ± 0.4%, 
respectively (±SE)). Second extractions were ~15% (17.2 ± 0.6% and 14.9 ± 0.4%, 
respectively), and third extractions were ≤ 6% (5.6 ± 0.5% and 3.2 ± 0.1%, respectively). 
Only one extraction was performed hereafter and extraction efficiencies were used to 
calculate total thiols from this single extract. PC being present at concentrations well 
below GSH meant that beyond the first total PC extract of ~80%, further extractions 
resulted in concentrations below the limit of detection of this method and extraction 
efficiencies could not be directly determined. 
5.3.3.2 Enzymatic method cell disruption efficiency 
The extraction efficiency for the enzymatic analysis method was determined based on 
the proportion of cells within the test population that were successfully lysed. In the 
development of this cell disruption method, the number of freeze / thaw cycles at 
- 80 °C / 4 °C required to rupture the maximum number of cells was determined. Cell 
breakage for both species reached a plateau and was not significantly different after 
four cycles (Figure 5.1). Cell disruption (± SE) was determined to be 92 ± 7 % and 70 ± 
10 % for P. tricornutum and C. closterium, respectively. In this method, it has been 





Figure 5.1: Cell disruption efficiency (as % of controls) relative to number of -80 °C/4 °C 
freeze-thaw cycles. 
5.3.4 Total glutathione and phytochelatin by fluorescence method 
The intracellular concentration of total thiols as either total GSH or total PC2-5 were 
determined by the fluorescence method after 0.5, 3, 6, 24, 48 and 72 h of copper 
exposure in P. tricornutum and C. closterium. Total thiols were also determined in 
copper-exposed (n=3) and unexposed control cells (n=6) by the fluorescence method 
(Figure 5.2). 
The copper-induced changes in total GSH varied between the two diatom species. 
Total GSH concentrations in P. tricornutum decreased immediately after exposure 
(0.5 h), but returned to control levels (110 ± 30 amol/cell) after 3 h. Total GSH 
continued to increase linearly from 6 to 72 h. A similar response was observed in 
Morelli and Scarano’s (2004) investigations in which they exposed P. tricornutum to 
~50 times greater Cu concentrations than used in the current study; however in their 
study, the return to control levels of total GSH was slower.  This delay likely 
corresponds to the significantly higher copper concentration of 10 µM (635 µg Cu/L). 
The decrease in GSH immediately after metal exposure observed in the present study 
can be explained (in part) by the production of PC, which consumes GSH to synthesise 
longer polypeptide chains. The exposure to copper induced an immediate increase in 
PC concentrations in P. tricornutum, with total PC increasing from 2.4 ± 0.6 to 31 ± 4 


































continued for 6 h (Figure 5.2). P. tricornutum exhibited a continual increase of thiols as 
both GSH and PC from 0.5 – 72 h of exposure. Total PC up to 6 h of exposure increased 
linearly, and a steady increase was also observed between 24 and 72 h.  
Changes in total GSH in C. closterium over time were quite different to that in 
P. tricornutum. Total GSH increased in C. closterium reaching total GSH concentrations 
double that of control cells within 3 h (420 ± 70 amol/cell). Total GSH then decreased 
over 24 h back to control levels (210 ± 30 amol/cell), these levels remained constant 
from 24 to 48 h. However, after 72 h Cu-exposure, total GSH/cell decreased to ~140 
amol, which corresponds to ~35% less than that of control concentrations. This result 
is supported by previous studies on Ceratoneis closterium (formerly Nitzschia 
closterium) in which decreased intracellular thiol content was observed following 24 h 
copper exposure at 175 µg Cu/L (Stauber and Florence, 1986). PC concentrations 
initially increased from 2.0 ± 0.3 to 40 ± 10 amol PC/cell in the first 0.5 h and remained 
reasonably steady until 24 h where concentrations rose again, reaching 170 ± 40 
amol/cell after 48 and 72 h exposures. This rise is likely to be due to both the exposure 
copper concentration increasing (section 5.3.1) and the longer exposure time. It 
appears as though C. closterium’s acute defence in the first 24 h relies heavily on total 
GSH and at longer exposures PC plays a more active role. The metal internalisation 
studies (Table 5.1) have shown that C. closterium internalises relatively little copper in 
the first 24 h with large increases at 48 and 72 h exposures which may also contribute 

























































































(A) - Phaeodactylum tricornutum
 
 
Figure 5.2: Total phytochelatin (PC) and total glutathione in (A) – P. tricornutum and 






Interestingly the total GSH expression over time for P. tricornutum and C. closterium 
mirrored each other, with P. tricornutum showing an upward trend of glutathione 
production over longer copper-exposures and C. closterium showing a downward 
trend. This suggests opposite glutathione responses to metal exposure, which was not 
expected based on the similarities between the two species. At 72 h, C. closterium had 
internalised almost five times more copper than P. tricornutum, thus it was expected 
that C. closterium would have more effective intracellular detoxification mechanisms 
to cope with the intracellular copper burden. However, total GSH content and 
phytochelatin production were comparatively lower in C. closterium than 
P. tricornutum, suggesting that there may be other detoxification mechanisms within 
C. closterium that enable it to tolerate higher intracellular copper. P. tricornutum on 
the other hand has a very linear increase in both phytochelatins and glutathione 
content over the entire 72-h exposure suggesting that it is utilizing the total GSH and 
PC metabolism to manage metal stress differently to C. closterium.  
The inhibition of population growth may not be caused by the same mechanism in 
both species. C. closterium showed a decrease in glutathione which could cause (or be 
an effect of) cell systems slowing down/shutting down thereby limiting the growth of 
copper stressed cells. Studies investigating effects of glutathione depletion of 
Arabidopsis plants showed that root cellular division ceased when intracellular 
glutathione was depleted (Vernoux et al., 2000). Root growth resumed when reduced 
glutathione was added, however oxidised glutathione did not permit recovery of the 
root cells back to a healthy dividing condition.  
The significantly lower intracellular copper in P. tricornutum compared to C. closterium 
would suggest that P. tricornutum excludes copper from entering the cell or has a 
higher copper efflux rate. This may have an energy cost to the cell leading to growth 
inhibition.  
5.3.5 Total, oxidised and reduced glutathione by enzymatic method 
Concentrations of total GSH and PC in the cells do not sufficiently explain the different 
modes of action of copper in these two marine diatoms.  To investigate further, the 




The total GSH concentrations within the copper-exposed algae followed the same 
general trend as measured by the fluorescence method (Table 5.2). There was an 
initial decrease in total GSH concentration at 0.5 h in P. tricornutum followed by 
recovery by 6 h, with 160 ± 50 amol glutathione/cell after 72 h of copper exposure, 
significantly more than in control cells (90 ± 10 amol/cell). C. closterium showed a 
similar initial decrease in total GSH and subsequent return to control levels (240 ± 30 
amol/cell). After this initial period, total GSH in C. closterium decreased until it was half 
that of controls after a 72-h exposure, a trend which is consistent with the 
fluorescence method (section 5.3.4). 
Although the absolute amount of total GSH in the algae differed from the fluorescence 
method, the same general trend was observed. The exception was the increase in GSH 
between 0 and 3 h in C. closterium from the fluorescence method, which was not 
observed in the enzymatic method. The difference in absolute total GSH 
concentrations can be explained by more closely examining the differences in the two 
methods. The fluorescence method uses an HPLC to separate the components prior to 
detection, and this generally provides sufficient resolution. However, two molecules 
with similar physical characteristics may co-elute, thereby artificially appearing to 
increase the concentration of one or more of the measured components. Previous 
studies, such as Lavoie et al. (2009), were able to detect a precursor to GSH, γ-EC, as 
well as GSH on the HPLC chromatogram. In this study, γ-EC was not observed and may 
have been combined into the GSH peak, thereby making the total GSH concentration 
appear to be greater. Any compound with similar properties that could co-elute with 
glutathione, for example homoglutathione (Alanine (A) – C - γE) could also cause the 
total GSH concentration to appear to be higher than the actual concentration. The 
enzymatic (kinetic) method, however, measures only the GSH that is specifically able 
to interact with the glutathione reductase (GR) enzyme. This more accurately interacts 
with the target molecule, glutathione, however if intracellular reactions have affected 
glutathione’s ability to interact with GR it may not be measured and therefore may 
give a lower concentration of GSH. By using two different methods, a clearer idea of 
the composition of GSH within the cell is obtained, as well as a more accurate 




Table 5.2: Intracellular glutathione content as total, oxidised (2 x GSSG) and reduced glutathione over 72 h copper exposure in 
P. tricornutum and C. closterium. Ratio is calculated as [GSH]/2 x [GSSG] 
Exposure (h) 
 
Control 0.5 3 6 24 48 72 
Phaeodactylum tricornutum (amol SH/cell) 
Total 90 ± 10 12 ± 4 50 ± 4 116 ± 6 63 ± 4 100 ± 10 160 ± 50 
Oxidised  
(2 x [GSSG]) 
18 ± 5 a 19 ± 5 32 ± 1 22 ± 6 29 ± 7 70 ± 10 
Reduced 68 ± 8 a 31 ± 6 83 ± 5 50 ± 10 70 ± 10 90 ± 40 
GSH:GSG 3.88 - 1.64 2.58 2.15 2.54 1.38 
Ceratoneis closterium (amol SH/cell) 
Total 240 ± 30 115 ± 7 141 ± 5 250 ± 20 196 ± 9 160 ± 10 120 ± 10 
Oxidised  
(2 x [GSSG]) 
120 ± 10 40 ± 20 38 ± 4 200 ± 30 150 ± 20 160 ± 10 110 ± 10 
Reduced 120 ± 30 80 ± 20 103 ± 4 50 ± 10 50 ± 30 8 ± 1 4 ± 3 
GSH:GSSG 1.05 2.20 2.71 0.24 0.34 0.05 0.04 












































































Figure 5.3: Reduced GSH as a percentage (± SE, n ≥ 3) of total GSH in two marine 
diatoms (A) - P. tricornutum and (B) – C. closterium over 72 h. 0.5 h measurements for 
P. tricornutum’s oxidised glutathione ratios were below detection limits and thus 
reduced GSH could not be determined. Bars with the same symbols (within same 








The kit assay enabled measurement of the oxidised glutathione disulfide (GSSG) and 
calculation of reduced GSH by difference from the total GSH.  A marked difference in 
the ability of P. tricornutum and C. closterium to maintain a reduced glutathione pool 
became apparent (Table 5.3 and Figure 5.3).  P. tricornutum was able to maintain its 
reduced glutathione pool at approximately 70% (range 58-80%) for the duration of the 
copper exposure (Figure 5.3).  In contrast, the percentage of reduced glutathione 
increased slightly in C. closterium in the first 3 h (from 50 to 73%), however this 
decreased rapidly by 6 h to 19% of the total GSH. The reduced GSH remained low and 
decreased to <5% after the 72-h Cu-exposure (Figure 5.3). These low concentrations of 
reduced GSH indicate high oxidative stress (Schafer and Buettner, 2001) that would 
affect the cells ability to maintain cellular functions that require redox compounds, 
such as GSH and others involved in the glutathione-ascorbate pathway (Di Toro et al., 
2001; Mendoza-Cózatl et al., 2005). GSH is used here as an indicator for the redox 
health of the cell. There are numerous other processes that rely on a balance of a 
redox pair, including cellular respiration, therefore if GSH:GSSG ratios have been 
affected by copper exposure, other redox pairs within the cell may have also been 
affected. An imbalance in the redox pair ratio within a cell could certainly contribute to 
the observed toxicity and growth inhibition in C. closterium. Copper may cause an 
increase in oxidised glutathione in a number of ways including the direct oxidation of 
GSH. Copper may potentially be interfering with one or more components from the 
complex ascorbate-glutathione redox cycle and therefore be inhibiting or preventing 
recycling of GSSG. In vitro studies have shown that glutathione reductase (GR) activity 
decreased in the presence of Cu2+, thereby affecting the ability of the cell to maintain 
the GSH:GSSG ratio. Indeed, this change in ratio may inhibit spindle formation in 
mitosis and hence cell division (Florence and Stauber, 1986). However GR activity in 
P. tricornutum was shown to decrease initially (0 - 6 h) and return to enzymatic activity 
levels above controls after 24 h of copper exposure (Morelli and Scarano, 2004), 
suggesting that this may be a species specific response. An inhibition of the 
glutathione-ascorbate redox cycle could cause the cell to consume the reduced GSH in 
other cellular processes (including PC production) faster than new GSH could be 




GSSG and the decreased total GSH at longer copper exposures in C. closterium. In a 
different algae, Stoiber et al. (2007) observed a dose-dependent decrease in total GSH 
when Chlamydomonas reinhardtii was exposed to copper from 0-80 nM (0-5 µg/L) at 
6 h and 24 h. They observed that higher copper concentrations induced a greater 
decrease in total GSH from 6 – 24 h. They also found that increasing copper 
concentrations decreased the GSH:GSSG ratio, as a result of decreased reduced GSH 
after 6 h and decreased reduced and oxidised GSSG after 24 h. This was also observed 
in C. closterium in this study, however in contrast to this, P. tricornutum was able to 
maintain its reduced GSH pool. In subsequent cadmium-based studies, Stoiber et al. 
(2010; 2012) observed increasing intracellular cadmium and total GSH after 24 h 
exposure with little effect on the GSH:GSSG ratio in C. reinhardtii. Unlike copper, 
cadmium is not a redox active metal, therefore differences in its interaction with 
glutathione could be expected. When considering the amount of intracellular metal, 
increasing intracellular copper decreased total GSH and the GSH:GSSG, which 
corresponds with the observations in the present study for C. closterium. However, 
P. tricornutum exhibited a trend of increasing total GSH as a result of copper exposure, 
similar to the one seen in C. reinhardtii from cadmium exposure, despite copper being 
a redox active metal, indicating a species-specific mechanism of responding to metal-
exposure.   
5.3.6 Phytochelatin production (by fluorescence method) 
The effect of copper exposure on the production of specific PCs was investigated in 
each diatom and the production of PC2-5 was quantified. Total PC in control cells was 
< 2 amol SH/cell for both P. tricornutum and C. closterium. Control levels of 
phytochelatins in both diatoms were similar with concentrations of < 1.5 amol/cell for 
each type of phytochelatin.  
P. tricornutum rapidly responded to copper exposure, increasing PC levels to > 900% of 
controls within 30 minutes. This acute response is surprising as by 30 min there was no 
increase detected in internalised copper. PC5, which contains five thiol groups, was not 
detected in control cells, however it was present at 0.8 amol SH/cell in cells harvested 
after 0.5 h of copper exposure. There was a consistent increase in PC2-5 production 




100-200% with increasing exposure duration (Figure 5.4). PC2 and PC3 had very similar 
production patterns, with PC2 being the most abundant phytochelatin followed closely 
by PC3 (approximately 50% and 35%, respectively). PC4 and PC5 concentrations were 
lower (approximately 14% and 4% abundance, respectively). The P. tricornutum 
chromatograms displayed peaks that were smaller than those of PC5, at an elution time 
that would be consistent with PC6, however without a standard to verify this we were 
unable to confirm the presence of this compound. The production of longer PC chain 
lengths consumes some of the PC2 in the chain elongation process, and thus the rate of 
shorter PC production is higher than the net production observed (Tsuji et al., 2005; 
Vatamaniuk et al., 2004). Unexpectedly a plateau in PC2 levels was not observed 
despite longer chains lengths being produced. This highlights P. tricornutum’s ability to 
maintain PC production throughout the 72 h copper exposure, perhaps in part 
explaining why it was able to maintain a redox balance similar to control cells 
throughout the 72-h copper exposure (Section 5.3.5, Figure 5.3). 
C. closterium exhibited rapid copper-induced PC production over the first 3 h of 
exposure; the PC concentrations then plateaued until 48 h when a significant increase 
in PC occurred. This plateau is likely due to cell division events prior to cell harvest 
thereby effectively halving the metal and PC concentration per cell. The intracellular 
copper concentration increased significantly at 48 h (Table 5.1) corresponding with the 
sudden and large increase in PC concentrations within C. closterium cells (Figure 5.4). 
PC concentrations after 0.5 h of copper exposure had an observed increase of ~1600% 
for PC2 and 600% for PC3.  The apparent increase in PC4 at 0.5 h is unlikely to be PC4 as 
the concentration seen at 0.5 h was not observed at any other time point. It may due 
to another compound with similar properties, such as polarity and size, co-eluting in 
the same peak due to insufficient separation on the HPLC. Although C. closterium’s PC 
production was partially obstructed by the inconsistencies in copper exposure 
between the short (0-24 h) and longer (48-72 h) exposures, a large change in the GSH 
ratios, and PC2 and PC3 levels, may be attributable to the longer time exposure and 
greater intracellular copper concentration (Table 5.1).  
In the first 6 hours of copper exposure the production of PCs in P. tricornutum and C. 




During the first 6 hours, both species internalised similar amounts of copper (Table 
5.1) and this was reflected in very similar phytochelatin production. After 24 h the 
increases in intracellular copper were much greater for C. closterium and thus it was 
expected that more PC would be produced in response, however, this was not the 
case. Interestingly PC5 was produced in C. closterium after a 72 h exposure, perhaps at 
the expense of further PC2 production as the concentration of PC2 appeared to plateau 
between 48 and 72 h. 
In both species the dominant PC was PC2 followed by PC3. The sum of thiols from PC2 
and PC3 totalled approximately 80% of total PC at each time point in both species, 
showing a relatively consistent distribution of PC even as total PC increased. 
P. tricornutum synthesised longer chain lengths in comparison to C. closterium across 
all exposure durations, as PC5 was detected in all P. tricornutum copper-exposed 
populations, but was only detectable at 72 h for C. closterium. This delayed response in 
producing the longer PC chain lengths may be due to other mechanisms responding to 
intracellular copper or the requirement of more copper within the cell to trigger longer 
PC production. In any case the longer chain length of phytochelatins are known to bind 
more strongly to copper (Mehra et al., 1995), however P. tricornutum’s ability to 
generate PC5 in comparison to C. closterium has not increased its copper tolerance 
with respect to population growth and cell division.  
Previous studies have investigated the different effects of metals on phytochelatin 
production, however the majority of these have studied cadmium, and most have 
observed multiple concentrations but not multiple time points (Table 1.4). These 
studies found that increasing cadmium exposure concentrations in species such as 
C. reinhardtii, Pseudokirchneriella subcapitata and Scenedesmus vacuolatus, increases 
the abundance of the longer chain length PC (England and Wilkinson, 2011; Lavoie et 
al., 2009; Le Faucheur et al., 2005). Morelli and Scarano (2004) have studied the effect 
of copper on PC content in P. tricornutum at several time points from 0-48 h, however 
the copper concentration used was very high (10 µM, 636 µg/L), not environmentally 
realistic and far above the observed IC50 for this species. Interestingly, their results are 
similar to those observed in this study with PC2-6 detected and PC3-6 increasing steadily 




became the most abundant species, a trend not observed in the current study, 
perhaps because of the significantly lower copper concentrations used. Morelli and 
Scarano (2004) measured only total PC beyond 7 h of copper exposure, however a 
consistent increase in total PC over 48 h of exposure was observed. Cd and Pb induced 
very similar results for total GSH and total PC in P. tricornutum after 7 h of exposure 
(Morelli and Scarano, 2001), however Cd induced longer chain lengths whereas Pb 
induced PC2 in far greater concentrations than any other PC detected. This highlights 
that different metals induce very different effects within the same algal species and 
therefore care needs to be taken when comparing studies of different metals. 
5.3.7 Other thiol-like compounds 
In addition to GSH and PC, a number of other mechanisms have been suggested as 
possible detoxification pathways in other algal species. In particular, synthesis of thiols 
that are not canonical PCs was observed in C. reinhardtii (Bräutigam et al., 2009). The 
compounds were similar in structure to PCs with one or more changes to the amino 
acid sequence in the form of additional, missing or substituted residues, or a 
combination. The PC-like structures identified in C. reinhardtii include CysPCn, PC2Ala, 
CysPCndesGly, PCndesGly, CysPCnGlu, and PC2Glu. These thiols were observed in 
C. reinhardtii following 48 h of 70 µm Cd exposure (Bräutigam et al., 2009). Other 
studies on C. reinhardtii and Pseudokirchneriella subcapitata (Lavoie et al., 2009) have 
also identified ‘other thiols’ in quantities comparable to PCn, constituting between 20-
50% of total SH within the cell, depending on Cd exposure concentrations. These other 
thiols had a greater presence in C. reinhardtii the more tolerant of the two species 
tested suggesting that these alternate PCs may provide greater metal sequestration 
and detoxification abilities through attributes such as a stronger affinity for metal.  
These other thiols could be detected by the fluorescence method used in this study 
however due to the derivatisation required for detection, mass spectrometric analysis 
would be difficult. As only GSH reacts with glutathione reductase (GR), these other 






















































































Figure 5.4: Phytochelatin production in two marine diatoms: Phaeodactylum 
tricornutum and Ceratoneis closterium. PC2-5 are measured and quantified as amol 
SH/cell – error bars represent one standard deviation (n ≥ 3) 
* This result is unlikely to be PC4 but something else co-eluting artificially increasing 










Despite the similarities of these two diatoms in size, shape and copper sensitivity, the 
algae have clear differences in metal accumulation and intracellular detoxification 
strategies. C. closterium internalised almost five times more copper than 
P. tricornutum after 72 h of exposure. Consequently, intracellular thiols in this species 
were oxidised and this disruption of the GSH:GSSG ratio likely caused the inhibition of 
cell division. In contrast, P. tricornutum increased its synthesis of intracellular 
glutathione, maintaining the GSH:GSSG ratio. P. tricornutum also synthesised 
phytochelatins of various chain lengths without depleting the glutathione pool. Despite 
induction of these detoxification mechanisms in P. tricornutum, growth inhibition of 50 
± 6%  at low copper concentrations was still observed, suggesting  either an energy 
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Marine microalgae, as primary producers at the base of the marine food web, are a 
critical component of functioning marine ecosystems. Their sensitivity to metals is well 
documented (Levy et al., 2007) but less is known about the mode of action of metals 
and intracellular detoxification processes.  
This chapter follows on from the previous chapter, describing the effect of dissolved 
copper exposures on intracellular thiols in two marine green algae, one chlorophyte 
(Dunaliella tertiolecta) and one prasinophyte (Tetraselmis sp.), both with very different 
tolerances to copper. The methods and procedures (except where noted) are the same 
as those in the previous chapter and the published paper (Smith et al., 
2014a).D. tertiolecta and Tetraselmis sp. are both prolate ellipsoid-shaped green 
marine algae of similar size, approximately 300 µm3 (Levy et al., 2008). Tetraselmis sp. 
has a cell wall while D. tertiolecta has only a naked membrane with a mucilage layer. 
The concentration of copper that inhibits algal population growth over 72-h by 50%, 
i.e. the IC50  (plus 95% confidence limits) for D. tertiolecta is 530 (400-600) µg Cu/L (8.3 
µM), which is 10 times higher than that for Tetraselmis sp. (47 (46 – 49) µg Cu/L) (0.74 
µM), thus D. tertiolecta is much less sensitive to copper (Levy et al. 2008). When 
exposed to copper for 72 h at their respective IC50 concentrations, Tetraselmis sp. 
internalised three times more copper than D. tertiolecta (Levy et al., 2008) suggesting 
that intracellular detoxification processes may be different between the two algae. 
This study aimed to better understand intracellular detoxification of copper, 
specifically through the net production and speciation of phytochelatins and 
glutathione over 72 h. This was undertaken using a commercially available glutathione 
assay (Cayman Chemical) and an HPLC phytochelatins measurement technique utilising 
a fluorescent tag (Lavoie et al., 2009; Le Faucheur et al., 2005). 
As Tetraselmis sp. bioaccumulates significantly more copper than D. tertiolecta, it was 
hypothesised that Tetraselmis sp. would have a greater phytochelatin response, in 
terms of concentration and chain length, as well as maintain its GSH:GSSG ratio 








6.2.1 Culture of algae and metal exposure bioassays 
Algae were grown in f/2 media as per section 2.2. Cells were harvested and prepared 
for exposure bioassays as per section 2.3. Exposure treatments were performed in 
triplicate. Initial cell densities varied with exposure time, as for exposures < 24 hours, 
there was little to no cell division and therefore greater numbers of cells were required 
to be inoculated so that there was sufficient biomass for GSH and PC analysis. 
Tetraselmis sp. cell densities were lower as preliminary work showed that 
Tetraselmis sp. had higher intracellular thiols than D. tertiolecta. For D. tertiolecta 
approximately 5 x 105 cells/mL were inoculated into bioassay flasks for the 0.5, 3 and 
6 h treatments and approximately 3 x 105, 1 x 105 and 5 x 104 cells/mL were 
innoculated for the 24-, 48- and 72-h time points, respectively. For Tetraselmis sp. 
approximately 1.5 x 105 cells/mL were inoculated into the 0.5, 3 and 6 h treatments 
and approximately 7 x 104, 3 x 104 and 2 x 104 cells/mL for the 24-, 48- and 72-h 
treatments, respectively. 
Density of algal cultures was determined via flow cytometry (section 2.4) and 
population growth was determined at regular intervals throughout exposure bioassays 
(section 2.3). Growth inhibition was calculated as described in section 2.4. 
6.2.2 Thiol extraction and analysis by fluorescence method 
The extraction efficiency of the fluorescence thiol extraction method was investigated 
for each diatom species as described in section 2.6.2. Thiols were extracted from cells 
(section 2.6.2) and determined by HPLC fluorescence detection (section 2.7). 
Total thiols were determined as per Equation 2.1. 
6.2.3 Enzymatic total and oxidised glutathione analysis by absorbance method 
Glutathione was extracted from cells (section 2.6.3) and concentrations were 




Quality control checks were performed as described in section 5.2.3 
 
6.2.4 Intracellular copper analysis 
Intracellular copper was determined for algal cells exposed to copper for 0.5, 3, 6, 24, 
48 and 72 h by ICP-AES as described in section 2.5. 
6.2.5 Statistical analysis 
Comparisons between means for statistically significant differences was carried out 
using a t-test for comparison of two means (p < 0.05) as per section 2.9. 
6.3 Results and Discussion 
6.3.1 Metal exposure and growth inhibition 
In each bioassay the goal was to achieve a constant copper concentration throughout 
the test duration sufficient to inhibit growth by 50% after a 72-h exposure to copper 
compared to controls. The target was 530 (400-600) µg/L for Dunaliella tertiolecta and 
47 (46-49) µg/L for Tetraselmis sp. (Levy et al., 2007). Large numbers of cells were 
required for glutathione and phytochelatin analyses, thus high cell densities were used 
to achieve adequate tissue mass, particularly for the shorter exposure durations. For 
D. tertiolecta the average copper concentration for each treatment was 120-200 µg 
Cu/L (1.9-3.1 µM) (Table 6.1), which resulted in a 46 ± 6% growth inhibition at 72 h. 
This differed considerably from the 72-h IC50 value reported by Levy et al., (2007). 
Given that population growth was still inhibited by the target ~50%, a lower exposure 
concentration was appropriate. For Tetraselmis sp. the dissolved copper concentration 
of 30 – 57 µg Cu/L (0.47-0.90 µM) resulted in  growth inhibition of 30 ± 10% after 72 h 
which is lower than the predicted inhibition i.e. the alga was less sensitive to copper 
than previously observed.  This may be due to differences between algal culture and 
seawater batches i.e. complexation capacity and extracellular copper which can alter 
dissolved copper concentrations in the treatments. Seawater is routinely measured for 
trace metals however the test seawater composition was not extensively measured at 




Table 6.1:  Dissolved copper exposures for Dunaliella tertiolecta and Tetraselmis sp. bioassays over 72 h (mean ± SE, n≥3)  
Exposure time (h) 
 
Control 0.5 3 6 24 48 72 
D. tertiolecta  
Dissolved Cu µg/L 
(µM) 
a 170 ± 20 
(2.7± 0.3) 
200 ± 20 
(3.1± 0.3) 
120 ± 10  
(1.9± 0.2) 
140 ± 10  
(2.2± 0.2) 
134  ± 6  
(2.11± 0.09) 
135  ± 4  
(2.12± 0.06) 
        Tetraselmis sp. 
Dissolved Cu µg/L  
(µM) 
a 30 ± 3 
(0.47± 0.05) 
43 ± 5 
(0.68± 0.08) 
40 ± 6 
(0.63± 0.09) 
57 ± 5 
(0.90± 0.08) 
51 ± 4 
(0.80± 0.06) 
49 ± 2 
(0.77± 0.03) 




6.3.2 Intracellular copper content 
Intracellular copper in D. tertiolecta and Tetraselmis sp. after copper exposures of 0.5, 
3, 6, 24, 48 or 72 h duration varied considerably between the two species (Figure 6.1). 
For the intracellular copper tests, the mean copper exposure concentrations were 220, 
145, 115, 270, 350 and 350 µg/L for D. tertiolecta (3.5, 2.3, 1.8, 4.2, 5.5 and 5.5 µM, 
respectively) over periods of 0.5, 3, 6, 24, 48, and 72 h, respectively. Mean copper 
exposure concentrations for Tetraselmis sp. were 47, 78, 51, 18, 26 and 38 µg/L (0.74, 
1.2, 0.8, 0.28, 0.41 and 0.60 µM, respectively) over periods of 0.5, 3, 6, 24, 48, and 
72 h, respectively. Control exposures were consistently below the limit of detection 
(≤ 2 µg Cu/L).  Tetraselmis sp. was exposed to almost 10 times lower copper 
concentrations than D. tertiolecta however, Tetraselmis sp. internalised three times 
more copper from solution (Figure 6.1). This higher intracellular copper content was 
consistent across all time points, and these results are supported in previous research 
by Levy et al. (2008). These results suggest that D. tertiolecta is effective in preventing 
uptake of copper or rapidly eliminates copper from the cell. The high extracellular 
copper concentrations observed by Levy et al. (2008) suggest that preventing copper 
uptake rather than copper efflux is the main detoxification pathway in this species.  
Significant differences in copper internalisation were also observed in two similar 
diatom species (Smith et al., 2014a).  
The apparent decrease in intracellular copper concentrations at 24 and 48 h in 
Tetraselmis sp. is likely to result from the lower average dissolved copper exposure at 
24 h (18 µg/L (0.28 µM)) compared to the 6 hour concentration (51 µg/L (0.80 µM)). 
This decrease in exposure concentration was probably due to copper binding to cell 
surfaces in the high cell density tests which were required for PC and GSH 
measurements. Previous studies in our laboratory have shown that Tetraselmis sp. 
removes considerable amounts of copper from the exposure media at initial cell 
densities of ~5 x 104 cells per mL (approximately 50% copper depletion over 72 h, 
unpublished data). In the intracellular copper study, dissolved copper depletion 
occurred more quickly than anticipated for the lower cell densities used for 24, 48 and 
72 h exposures as compared to the cell densities for 0.5 – 6 h, resulting in lower than 




the excessive depletion of dissolved copper from exposure solutions was reduced 






Figure 6.1:  Intracellular copper concentrations in Dunaliella tertiolecta and 
Tetraselmis sp. at various exposure durations up to 72 h (mean ± SE, n≥3). The raw 















































6.3.3 Extraction of thiols 
6.3.3.1 Fluorescence method extraction efficiency 
The extraction efficiency of thiols from D. tertiolecta and Tetraselmis sp. was 
substantially different. For D. tertiolecta almost all GSH was extracted in the first 
extraction with 94.9 ± 0.3 % removed from the cell pellet, and only 4.9 ± 0.3% and 
0.14 ± 0.05 % in the second and third extractions, respectively. For Tetraselmis sp. only 
71 ± 1% of total GSH was extracted initially, with 22.7 ± 0.9% and 5.8 ± 0.3% of total 
GSH in the second and third extractions, respectively. A single extraction was used in 
all subsequent experiments, with correction for extraction efficiencies. PC were 
present at much lower concentrations than GSH in the cells, so PC extraction 
efficiencies could not be determined due to the second and third extractions giving 
results below the method detection limit. 
6.3.3.2 Enzymatic method cell disruption efficiency 
Following four freeze-thaw cycles at -80 °C/4 °C, D. tertiolecta cells were completely 
lysed (≥ 99.9%), whereas for Tetraselmis sp. only 81 ± 2% were lysed. This is in 
agreement with previous work using sonication to lyse cells (Chapter 3, Smith et al. 
2014a). The higher percentage of cell breakage exhibited by D. tertiolecta may be 
related to its lack of a cell wall. This confirms that disruption efficiencies should be 
measured for each different algal species in order to accurately determine intracellular 
thiols. 
6.3.4 Total glutathione and phytochelatin by fluorescence method 
The intracellular concentration of total thiols as either total GSH or total PC2-5 was 
determined by the fluorescence method after 0.5, 3, 6, 24, 48 and 72 h exposure of 
D. tertiolecta and Tetraselmis sp. to copper. Total GSH and PC were determined for 
copper treatments (n=3) and control unexposed cells (n=6) by the fluorescence 






The two species investigated here are both green algae (though in different taxonomic 
subgroups), similar in size and shape and therefore could be expected to have similar 
concentrations of intracellular thiols in unexposed control cells. However 
Tetraselmis sp. had GSH concentrations > 7 times higher than D. tertiolecta (1200 ± 
200 and 170 ± 40 amol/cell, respectively) prior to copper exposure. Studies on the 
freshwater green alga Chlamydomonas reinhardtii, Pseudokirchneriella subcapitata 
(Lavoie et al., 2009) and Scenedesmus vacuolatus (Le Faucheur et al., 2005) found total 
GSH concentrations in unexposed control cells of approximately 700, 400 and 150 
amol/cell, respectively, using a similar extraction and detection method to that used in 
our study. However, these concentrations were measured near the end of the 
exponential growth phase of 72 h, 96 h and 72 h, respectively. In addition, two marine 
diatoms Phaeodactylum tricornutum and Ceratoneis closterium were found to have 
control cell total GSH concentrations of approximately 100 and 200 amol/cell, 
respectively, which are similar to D. tertiolecta (Chapter 5). 
Baseline concentrations of phytochelatins (in control cells) were also significantly 
higher in Tetraselmis sp. (60 ± 30 amol/cell) than in D. tertiolecta (4.2 ± 0.9 amol/cell). 
PC concentrations at their maximum were also four times greater in Tetraselmis sp. 
than D. tertiolecta (500 ± 30 and 130 ± 10 amol SH/cell, respectively), and this 
difference in PC concentration most likely corresponds to the significantly higher 











































































Figure 6.2: Total phytochelatin (PC) and total glutathione in (A) – Dunaliella tertiolecta 






A –Dunaliella tertiolecta 




Total GSH in D. tertiolecta decreased initially in response to copper exposure with a 
rapid decrease in intracellular glutathione concentrations in the first 30 minutes of 
copper exposure (from 170 ± 40 to 90 ± 20 amol/cell). This decrease occurred 
concurrently with the rapid increase in PC concentrations over the same period. The 
total GSH level returned to control levels of 140 ± 50 and 200 ± 40 amol/cell after 3- 
and 6- h exposures, respectively, and were relatively constant until 72 h when there 
was a slight but significant (p < 0.05) increase from control concentrations of total 
glutathione (250 ± 20 amol/cell). Phytochelatin concentrations in control cells were 
low (4.2 ± 0.9 amol SH/cell, as total PC). The PC content increased 5-fold to 20 ± 4 amol 
SH/cell within the first 30 minutes of copper exposure, and to 38 ± 5 and 35 ± 6 
amol/cell after 3 and 6 h, respectively. PC concentrations increased linearly from 6 to 
72 h resulting in a final PC concentration of 120 ± 10 amol SH/ cell, a 30-fold increase 
in total PC concentration. The magnitude of this increase was similar to the increase in 
intracellular copper over the same period, from 15 ± 5 to 650 ± 70 amol Cu/cell, a 40-
fold increase (Figure 6.1). This resulted in a linear increase in the intracellular 
copper:total PC ratio over 72 h. 
The total glutathione pattern for Tetraselmis sp. showed a similar initial decrease after 
30 min of copper exposure followed by a gradual increase to glutathione 
concentrations equal to or greater than controls. The decrease in glutathione 
concentrations from 24 -72 h coincided with decreasing PC concentrations over this 
same period, despite an initial 8-fold increase from control levels to 24 h (Figure 6.2B). 
Within 0.5 h of copper exposure total PC concentrations were double those of controls 
(60 ± 30 and 112 ± 8 amol SH/cell, respectively).  Total PC concentrations increased 
linearly until 24 h where PC concentration reached a maximum of 500 ± 30 amol 
SH/cell, and then decreased to 250 ± 50 amol SH/cell at 72 h of copper exposure. The 
decrease from 24 -72 h in both GSH and PC content occurred despite Tetraselmis sp. 






6.3.5 Total, oxidised and reduced glutathione by enzymatic method 
In addition to the total glutathione measured by the fluorescence method, total and 
oxidised glutathione (GSSG) were measured via the enzymatic method and reduced 
GSH was calculated by difference. Total glutathione was relatively constant in 
D. tertiolecta (Table 6.2) and consistent with the results from the fluorescence method 
(Figure 6.2). Reduced glutathione was lower (≤30%, as a percentage of total GSH) after 
only 30 min of copper exposure and remained at this level over 72 h (Figure 6.3A), with 
the exception of the 48 h point which temporarily returned to control levels (~60 %) of 
reduced GSH, however this 48-h data point had a large amount of variability and may 
not be a typical result. 
In Tetraselmis sp. total glutathione determined by both methods was similar up to 6 h, 
with decreasing GSH and increasing GSSG. At 24 h, GSSG decreased and GSH increased 
as a percentage of total glutathione.  However, the concentrations determined using 
the fluorescence method were considerably higher, suggesting that there was co-
elution with the glutathione peak that was not detectable using the enzymatic 
method, potentially a modified glutathione (such as homoglutathione) or the 
precursor γ-Glu-Cys.  
Interestingly, intracellular concentration of total glutathione, GSSG and reduced GSH 
remained reasonably constant in Tetraselmis sp. (Table 6.2), demonstrating that the 
“recovery” of the proportion of reduced GSH from 24-72 h was not a result of more 
reduced GSH within the cell, but a decrease in total glutathione and GSSG. Reduced 
GSH concentrations were well below that of Tetraselmis sp. control cells (70 ± 9%) 
after 3-72 h which could indicate a more oxidatively stressed intracellular environment 
upon copper exposure. This decrease in total GSH is consistent with the results from 
the fluorescence method, however in the fluorescence method total glutathione 
reached a maximum concentration at 24 h, followed by a decrease through to 72 h. In 
the enzymatic method, maximum concentrations of total GSH occurred at 3 hours in 
Tetraselmis sp. with a more gradual decrease in total GSH through to 72 h. Measured 
glutathione concentration may show variability between the two methods due to the 




and therefore detects less non-glutathione compounds, however, this also means that 
any glutathione not available to interact with the enzyme is not measured. The 
fluorescence method is much less specific and any fluorescently tagged molecule with 
similar physical properties could co-elute and be detected with the glutathione peak.  
The observed decrease in total glutathione in Tetraselmis sp. following copper 
exposure indicates that either glutathione is being consumed by another process in the 
cell, is being expelled from the cell, or was not replenished at the same rate following 
cell division. It is known that a blocked thiol group, such as copper bound to the thiols 
in GSSG, is required for phytochelatin synthesis (Vatamaniuk et al., 2004), thereby this 
process consumes glutathione. A measure of glutathione reductase activity within the 
cell would assist in interpreting the reason for the decline in total GSH and GSSG 
concentrations within the cell. A study examining the effect of copper on the 
freshwater microalga Chlamydomonas reinhardtii (Stoiber et al. 2007) also observed a 
decrease in total glutathione concentrations after 6 h and 24 h exposures to an 
approximate 24-h IC50 copper concentration. After 6 h the total GSH content in C. 
reinhardtii had decreased by approximately 15% and was approximately half control 
levels after 24 h. Stoiber et al. (2007) also observed a decrease in percent reduced GSH 
as a result of copper exposure with controls having 53 - 66% reduced GSH, and 
decreasing to < 40% after 6 - 24 h of copper exposure. A comparable, if not greater 
decrease in the proportion of reduced GSH was observed in D. tertiolecta and 






Table 6.2: Intracellular glutathione content as total, oxidised (2 x GSSG) and reduced glutathione over 72 h of dissolved copper exposure 
in D. tertiolecta and Tetraselmis sp..  Ratio is calculated as [GSH]/2 x [GSSG]. 
 
Copper exposure (h) 
 
Control 0.5 3 6 24 48 72 
Dunaliella tertiolecta (amol SH/cell) 
Total 250 ± 10 230 ± 30 210 ± 10 390 ± 20 220 ± 30 230 ± 40 190 ± 10 
Oxidised  
(2 x [GSSG]) 
110 ± 10 170 ± 10 130 ± 20 270 ± 30 200 ± 50 100 ± 20 150 ± 30 
Reduced 
GSH:GSSG 
145 ± 8 
1.37 
60 ± 30 
0.34 
50 ± 10 
0.40 
90 ± 60 
0.36 
20 ± 20 
0.10 
130 ± 50 
1.22 
40 ± 20 
0.29 
Tetraselmis sp.  (amol SH/cell) 
Total 1180 ± 80 900 ± 100 1380 ± 60 1280 ± 90 1030 ± 60 530 ± 20 540 ± 40 
Oxidised  
(2 x [GSSG]) 
360 ± 40 400 ± 50 1210 ± 40 1200 ± 100 800 ± 100 360 ± 60 370 ± 40 
Reduced 
GSH:GSSG 
800 ± 100 
2.23 
500 ± 80 
1.33 
160 ± 20 
0.13 
110 ± 30 
0.09 
200 ± 100 
0.21 
170 ± 60 
0.48 
































































































Figure 6.3: Reduced GSH as a percentage of total GSH (± SE, n ≥ 3) in two green marine 
alga (A)-D. tertiolecta and (B) – Tetraselmis sp. over 72 h. Bars with the same symbols 







6.3.6 Phytochelatin production (by fluorescence method) 
Control cells of D. tertiolecta had small amounts of PC2-5. Total PC was 4.3 ± 0.9 
amol SH/cell, the majority of which consisted of PC2 at 2.3 ± 0.7 amol SH/cell and PC3-5 
having < 1 amol SH/cell each (Figure 6.4). PC concentrations increased rapidly within 
the first 30 minutes of exposure, PC2 concentration increased > 200% up to 5 ± 1 
amol SH/cell, and PC3, PC4 and PC5 increased by >700%. PC2 comprised  >70% of total 
PC at the longer exposure durations (24 – 72 h), while PC4+5 contributed <15 % of total 
PC combined. For the shorter exposures (0.5 – 6 h), PC2 comprised ≤50% of total PC 
with PC3-5 comprising ~20% each. This change from the production of all chain lengths, 
to a focus on PC2 (~80%) and PC3 (~20%) following 24 h of exposure would seem to 
indicate two metal detoxification strategies: an acute stage, where longer chain 
lengths are produced, and a chronic stage, where greater amounts of shorter chain 
lengths are produced. This change in the PC length produced by cells is significant, as 
the length of the PC chain contributes to how strongly the PC can bind to metal; the 
longer chain lengths are able to bind more strongly to metal ions within the cell 
(Mehra et al., 1995). 
Tetraselmis sp. controls had considerably higher intracellular PC concentrations than 
D. tertiolecta, with control total phytochelatin concentrations of 60 ± 30 amol SH/cell. 
This concentration was equivalent to the 24 h copper exposure total PC concentrations 
in D. tertiolecta (60 ± 2 amol SH/cell). This may be in part due to control Tetraselmis sp. 
cells having an intracellular copper concentration of 37 ± 4 amol Cu/cell, more than 
double the control intracellular copper concentration in D. tertiolecta (15 ± 5 amol 
Cu/cell) (Figure 6.1). Following the same trend as total PC (Figure 6.2), PC2 and PC3 
decreased after reaching maximum cellular concentrations at 24 h. Whilst present 
after each exposure period, PC5 played a much smaller role in Tetraselmis sp. than 
D. tertiolecta comprising <5% of total PC, and in most cases, it was even lower at <1% 
of total PC concentrations. Like D. tertiolecta PC4 in Tetraselmis sp. had a greater 
contribution during the short-term acute copper exposures, comprising 9-13% of total 
PC from 0-6 h. After 24 -72 h of copper exposure, the contribution of PC4 decreased to 
<3% of total PC. For both D. tertiolecta and Tetraselmis sp. PC2 and PC3 were the 




Most literature studies on PC production in algae in response to metal exposure have 
focussed on cadmium, one of the strongest inducers of phytochelatin production. 
These studies have found that long chain phytochelatins were produced in greater 
quantities at higher Cd concentrations (up to 1 µM of Cd2+) (England and Wilkinson, 
2011; Lavoie et al., 2009; Le Faucheur et al., 2005). This study has shown that copper 
also induces a phytochelatin response in marine green algae, with a predominance of 
short chain PC, in agreement with previous studies by Morelli and Scarano (2001, 
2004) who showed that copper-induced PC chain lengths were shorter compared to 
cadmium-induced PC in the diatom P. tricornutum (Morelli and Scarano 2001, 2004). 
A study on the higher plant Silene vulgaris, looked at phytochelatin production and 
copper uptake in the roots of copper-tolerant and non-tolerant populations. The study 
examined a range of contaminant levels so that EC50 (50% decrease in root growth) 
concentrations could be compared (Schat and Kalff, 1992). Each plant population had a 
similar pattern of PC production that peaked and then rapidly declined, this was 
attributed to damage to PC production functionality or oxidation of PC-SH. They found 
that with increasing copper tolerance the onset and ‘peak’ of PC production was 
delayed (i.e. production required higher exposure concentrations), despite their higher 
tolerance and higher copper uptake in roots. This study concluded that PC were not 
directly involved in copper tolerance, however could be used as a measure of copper 
stress. In the current study, the results indicate that PC production is not directly 
related to intracellular copper concentrations, as despite continued increasing 
intracellular copper concentrations Tetraselmis sp.’s PC concentrations decline after 
24 h. As suggested in Schat and Kalff (1992) this could be due to damage to the PC 
production or PC-SH oxidation, however the increasing reduced glutathione 







Figure 6.4: Phytochelatin production in two marine green algae following exposure to 
dissolved copper; (A) D. tertiolecta and (B) Tetraselmis sp.. PC2-5 are measured and 






































































A – Dunaliella tertiolecta 






Dunaliella tertiolecta and Tetraselmis sp. have different sensitivities and different 
detoxification strategies for copper. D. tertiolecta has a much higher tolerance to 
copper than Tetraselmis sp. and is able to prevent copper from being internalised (or 
has a high efflux rate) resulting in low intracellular copper concentrations. When this 
detoxification mechanism is overwhelmed at high copper concentrations, intracellular 
glutathione is oxidised, leading to a lowering of the reduced:oxidised glutathione ratio 
which correlated with inhibition of cell division. While PC production is induced by 
copper in D. tertiolecta, the PC concentrations are low and are mainly shorter chain 
PC2 and PC3. 
In contrast, Tetraselmis sp. has a high intracellular copper concentration despite an 
8-fold lower copper exposure concentration.  Concentrations of intracellular thiols in 
unexposed cells are also much higher in Tetraselmis sp. than D. tertiolecta with strong 
induction of glutathione and PC in response to copper. Reduced GSH decreased as 
GSSG increases over the first 6 h of copper exposure.  At 48 h total glutathione 
concentrations halve relative to controls and 24 h concentrations, however, GSH:GSSG 
ratios increase indicating partial recovery from copper stress.  
Both species showed the same overall trend of a two-phase phytochelatin response, 
with longer chain lengths produced during the first 6 hours, and higher quantities of 
PC2 produced from 24 – 72 h of copper exposure, with PC2 consistently dominating the 










Chapter 7: General Discussion, 








It is well established that different species of marine microalgae have different 
tolerances to copper, however, our understanding of why these differences exist is 
limited. The research described in this thesis has examined the toxicity and 
detoxification of copper in microalgae, specifically looking at intracellular copper-
binding ligands in four species of marine microalgae, Dunaliella tertiolecta, 
Tetraselmis sp., Phaeodactylum tricornutum and Ceratoneis closterium. Controls cells 
(no added copper) and cells harvested throughout a 72-h exposure to copper at their 
respective 72-h IC50 values (i.e. the concentrations that cause a 50% inhibition of cell 
division rate over 72 h) were examined. Previous work had shown that these species 
had differing sensitivities to copper, with IC50 values of 530 (450-600), 47 (46-49), 8 
(4.7-8.3) and 18 (6-30) µg Cu/L for D. tertiolecta, Tetraselmis sp., P.  tricornutum and 
C. closterium, respectively (Levy et al., 2007).  These species had differences in 
sensitivity to copper that were not adequately explained by cell size, cell wall 
structure, adsorption of copper to cell surfaces and subsequent internalisation of 
copper (Levy et al., 2007; Levy et al., 2008).  The intracellular binding ligands are 
thought to have a significant role in determining metal toxicity and detoxification 
within cells due their capacity to alter the bioavailability and hence, toxicity, of the 
metal ion inside the cell. The type and amount of metal binding ligands are known to 
vary among species (Lavoie et al., 2009). Metal not bound in a non-bioavailable form 
can interfere with various intracellular reactions, such as the activity of enzymes.  
Copper can inhibit enzymes such as glutathione reductase and dehydrogenases 
(Nishizono et al., 1989; Stauber and Florence, 1986) and thus we can surmise that non-
specific binding to proteins within algae occurs. Proteins with a high binding affinity to 
copper were explored in Chapter 3 and proteins significantly affected by a 72-h 
exposure to copper were isolated and identification explored using mass spectrometry.  
Glutathione is the dominant non-protein thiol within cells and serves as an important 
anti-oxidant molecule and indicator of the cell’s oxidative state. The proportion of 
reduced glutathione allows insight into the relative oxidative health of the cell and is 
also important in cell division. Significant changes in glutathione levels and oxidation 




sensitivity (specifically inhibition of algal cell division rate) between species. In 
Chapters 5 and 6 the proportion of reduced and oxidised glutathione in each of the 
four algal species was examined at 6 time points over a 72-h copper exposure and 
compared to control cells. 
Phytochelatin production, which also varies between microalgal species, is specifically 
induced as a result of metal-exposure and is sensitive to the type and speciation of 
metal, together with the metal concentration and duration of exposure. Phytochelatin 
induction and chain length were measured over a 72-h copper exposure in Chapters 5 
(two diatoms) and 6 (two green algae). A pilot study was performed to gauge the 
feasibility of such experiments and is described in Chapter 4. In this preliminary work, 
two freshwater green algae were investigated using cadmium as the phytochelatin 
inducer over a 24-h of exposure.  
7.2 Intracellular metal 
For each of species the intracellular copper (or cadmium) after each exposure was 
determined to assist in analysis of the data in determining the relationships between 
intracellular binding ligands and the respective tolerance to copper in each species.  
Each of the four marine microalgae species exhibited different intracellular copper 
concentrations after a 72-h exposure to the 72-h IC50 copper concentrations. 
Maximum intracellular copper concentrations were 190 ± 60, 900 ± 100, 650 ± 70 and 
1900 ± 300 amol Cu/cell for P. tricornutum, C. closterium, D. tertiolecta and 
Tetraselmis sp., respectively (Figure 7.1). Intracellular copper did not correlate with 
species sensitivity; this mismatch of intracellular copper to copper sensitivity becomes 
even more evident if relative cell size is considered (~70-100 µm3 for diatoms and ~300 
µm3 for green algae). For P. tricornutum and D. tertiolecta this equates to 
approximately 2 amol copper/µm3, and approximately 6 and 10 amol/µm3 for 
Tetraselmis sp. and C. closterium, respectively. The most sensitive species 
P. tricornutum and most tolerant species D. tertiolecta have similar concentrations of 
intracellular copper per µm3 following 72-h exposures to their respective IC50 copper 




Rate of copper uptake into the algae was linear in D. tertiolecta and P. tricornutum 
suggesting that copper uptake was continuous and uptake/efflux rates did not change 
over the duration of exposure. Dissolved copper exposure concentrations for 
Tetraselmis sp. were not constant and this made interpretation of copper 
internalisation rate difficult. In C. closterium intracellular copper increased gradually 
over the first 24 h, however at 48 and 72 h intracellular copper was much higher, 
indicating that copper uptake was not consistent across all exposure durations and 
may have contributed to the relative sensitivity of C. closterium to copper. This change 
in uptake rate may be a result of overwhelming of and/or a result of oxidative damage 
to any efflux or exclusion mechanisms employed by the cell in the first 24 h of copper 
exposure.  
The pilot study in Chapter 4 and studies by Lavoie et al. (2009) showed that the two 
freshwater green algae Chlamydomonas reinhardtii and Pseudokirchneriella 
subcapitata had differing tolerances to cadmium, with different uptake rates of 
cadmium at the same concentration and at their respective IC50 values. For these 
species uptake was dependant on the cadmium exposure concentration and 
accumulation did not increase linearly with (free) cadmium exposure (Lavoie et al., 
2009). C. reinhardtii was more tolerant and had intracellular cadmium concentrations 
four times greater than P. subcapitata when exposed at their respective IC50 
concentrations, and two - four times greater when both species were exposed to the 
same cadmium exposure concentration over 72-h and 96-h, respectively (Lavoie et al., 
2009). In the short-term experiments (≤ 24 h) in Chapter 4, C. reinhardtii had 
intracellular copper concentrations up to 20 times greater than P. subcapitata at the 
same exposure concentration (196 and 9.2 ± 0.5 amol Cd/cell, respectively). This 
greater cadmium uptake in C. reinhardtii was consistent at all cadmium exposure 
concentrations examined (Lavoie et al., 2009). A freshwater green alga Scenedesmus 
vacuolatus had an intracellular cadmium plateau at approximately 700 amol Cd/cell, 
despite increasing cadmium exposure concentrations (Le Faucheur et al., 2005).  
Lead uptake in C. reinhardtii increased from < 10 amol Pb/cell in  controls,  to 
approximately 476 and 596 amol Pb/cell following 6 h exposures to 1 or 100 nM of 













































marine diatom P. tricornutum had greater lead than cadmium uptake at the same 
exposure concentration (Morelli and Scarano, 2001). The work in this study reinforces 
the observed trend in the literature that intracellular metal content is affected by 
species, metal identity, exposure concentration and exposure duration. The same 
experimental conditions, with the same species exposed to a different metal can yield 
very different responses and thus interpretation across studies is difficult.  
Due to varied responses across a range of algae, metals, exposure concentrations and 
exposure durations each comparison of intracellular content needs to be examined on 
a case-by-case basis. Thus intracellular copper content was measured at each exposure 
duration in this study with each having a similar exposure concentration of copper. 
Intracellular copper concentrations are a function of both exposure concentration and 
exposure duration. Measuring intracellular copper at each time point studied allowed 
comparison across multiple time points, so that intracellular copper can be related to 
intracellular thiols and other copper binding ligands for each species. 
 
 
Figure 7.1:  Intracellular copper in four marine species over 72 h of copper exposure to 





Phytochelatins are produced in plants in response to exposure to metals. It stands to 
reason then, that efficient production of phytochelatins could be an evolutionary 
advantage to provide greater metal detoxification ability to cells, thereby making them 
more tolerant to higher internal metal concentrations. Longer chain phytochelatins  
have been shown to have a higher binding affinity to metals in vitro (Mehra et al., 
1995). However, this was not the case in P. tricornutum, the most sensitive to copper 
of the four species examined here with the lowest intracellular copper concentrations 
after a 72-h exposure, yet produced high concentrations of  PC-SH (300 ± 10 amol PC-
SH/cell). This was followed by Tetraselmis sp. (250 ± 50 amol PC-SH/cell), C. closterium 
(140 ± 10 amol PC-SH/cell) and D. tertiolecta (130 ± 10 amol PC-SH/cell) (Chapter 5 and 
6). It should be noted however, that Tetraselmis sp. reached its maximum thiol content 
at 24 h (500 ± 30 amol PC-SH/cell) producing the high concentration of PC-SH of all 
species, however this concentration decreased after 24 h. C. reinhardtii and 
P. subcapitata exposed for up to 24 h to cadmium concentrations below IC50 produced 
197 and 35 ± 2 amol PC-SH, respectively. Whilst interpretation is limited by the basic 
nature of the pilot study, these results show that cadmium induces a greater 
phytochelatin response in C. reinhardtii than P. subcapitata. Cadmium-induced 
phytochelatins after 24 h in C. reinhardtii is at comparable levels to 72 h copper 
induced responses in C. closterium and D. tertiolecta suggesting that cadmium is a 
much stronger inducer and/or C. reinhardtii readily produced phytochelatins as a result 
of metal exposure. Measuring phytochelatin concentrations in C. reinhardtii following 
copper exposure, and/or cadmium in the marine species will determine if this 
difference in phytochelatin production is related to metal or whether differences 
between freshwater and marine species are behind the observed differences in PC 
production. 
When all time points are taken into account, for the four marine species, phytochelatin 
production typically showed a positive relationship to intracellular copper 
concentrations (Figure 7.2). Figure 7.2 removes the effect of exposure time and 
directly relates intracellular copper concentrations to thiol groups (present as PC). A 




irrespective of exposure duration, most points (except for control cells from 
D. tertiolecta, C. closterium and P. tricornutum) clustered around this 1:1 line. 
However, as intracellular copper concentrations increased, the ratio of PC: intracellular 
copper decreased and more data points appeared below the 1:1 line. Therefore as 
intracellular copper concentrations increased, phytochelatins concentrations are not 
proportionally increased. There were also some species-specific patterns evident 
within this data. The diatom P. tricornutum, with the exception of the control cells, had 
all data points above the 1:1 molar ratio line, sitting much closer to a 2: 1 PC-
SH:copper ratio. In contrast, in the green alga D. tertiolecta (with the exception of the 
control) at low intracellular copper, data points are very close to a 1:1 PC-SH:copper 
relationship and as intracellular copper increased the ratio was closer to a 1:5 PC-SH: 
copper. The PC-SH: Cdintra ratios from IC50 cadmium-exposed C. reinhardtii and 
P.subcapitata were found to be 1:1 and 2:1, respectively (Lavoie et al., 2009). In 
cadmium-exposed S. vacuolatus a lower ratio of ~0.35 was found, much closer to the 
relationship observed in D. tertiolecta following a 72-h copper exposure. From these 
results it appears that more sensitive species have a higher thiol:metal ratio and more 
tolerant species tend to have a lower ratio. 
Tetraselmis sp. had basal phytochelatins concentrations (60 ±30 amol SH/cell) in 
controls > 15 times those of the other three species (2.0 ± 0.3, 2.4 ± 0.6 and 4.2 ±0.9 
for C. closterium, P. tricornutum and D. tertiolecta, respectively), despite having only a 
2-fold increase in basal intracellular copper concentrations (Figure 7.1). This high basal 
level of PC may contribute to its relative tolerance to copper and its ability to tolerate 
extremely high concentrations of intracellular copper in comparison to other species. 
Total PC has also been shown to vary with metal type, exposure concentration, 
exposure time and biological species (Lavoie et al., 2009; Le Faucheur et al., 2005; 
Morelli and Scarano, 2001; Morelli and Scarano, 2004; Scheidegger et al., 2011). 
General trends such as relative strength of phytochelatin induction (Cd > Cu > Pb), and 
phytochelatin concentrations increasing with exposure time have previously been 
observed (Lavoie et al., 2009; Morelli and Scarano, 2001; Morelli and Scarano, 2004; 
Scheidegger et al., 2011). When examining the effect of exposure concentration, 




showed a continuous increase in total PC concentrations with increasing cadmium 
exposure concentrations, with a plateau at the two highest concentrations tested (an 
approximate IC50 value). However, the intracellular cadmium data was not reported 
for the highest concentration, so it is difficult to determine whether this plateau is due 
to similar levels of intracellular cadmium or a maximum phytochelatin production 
being reached (Lavoie et al., 2009). Similarly, total PC production in response to lead in 
C. reinhardtii yielded a plateau. PC production increased rapidly when free lead ion 
exposure increased from 1 to 10 nM, however there was a considerably smaller 
increase when exposure increased from 10 to 100 nM; this is despite intracellular lead 
increasing by approximately this same amount with each increase in exposure 
concentration (Scheidegger et al., 2011) meaning that PC-SH:metal ratio decreased 
with increasing metal exposure concentrations.  
S. vacuolatus also exhibited the plateau in cadmium-induced phytochelatin production 
with increasing cadmium exposure. A large increase was observed between <1 and 
>10 nM free cadmium exposures yet there was no observable difference in total PC 
between 10 and 100 nM exposures. However, in this case, the plateau of PC 
production can be correlated to minimal changes in intracellular cadmium 
concentrations between 10 and 100 nM exposures (Le Faucheur et al., 2005), 
therefore PC-SH:metal ratios will be similar. P. subcapitata however, did not exhibit 
the plateau observed in C. reinhardtii and S. vacuolatus. P. subcapitata showed 
consistent increase in net PC production through most of the cadmium exposure 
concentrations studied; at the highest concentration, however, a large increase in total 
PC was observed breaking from the roughly linear increase observed at other cadmium 
exposure concentrations (Lavoie et al., 2009). 
Total PC is a useful indicator for general trends in microalgae responses to metal 
exposure, however, they do not provide a detailed explanation of differences in 
species sensitivities to metals and trends in PC-SH:metal ratios appear to favour more 
sensitive species having higher ratios than more tolerant species. From in vitro studies, 
it is known that metal ions are transferred from shorter to longer chain PC due to the 
greater stability and relative strength of binding to longer chain PC (Mehra et al., 




























D. tertiolecta Tetraselmis sp. P. tricornutum C. closterium
the four marine algal species were examined (Chapters 5 and 6) with the goal of 
identifying patterns of expression in phytochelatins concentration that contribute 
further towards an explanation for difference in copper tolerance. 
 
Figure 7.2 The relationship between intracellular copper and total phytochelatins 
(measured as 2[PC2] +3[PC3] + 4[PC4] + 5[PC5]). An X=Y 1:1 line is plotted for 
reference. Circled data points highlight control data points. 
 
There was an interesting pattern in algal production of individual PC (PC2-5) with two 
green algae (D. tertiolecta and Tetraselmis sp.) having similar PC production, as did the 
two brown algae (P. tricornutum and C. closterium), however the brown and green 
algae differed from each other. The diatoms produced higher amounts of longer chain 
PCs in comparison to the green algae which preferentially expressed PC2 (Chapters 5 
and 6). It is possible that the production of the longer chain PC stemmed from an 
inherit trait of diatoms, or as a result of the lower tolerance to copper (Levy et al. 
2007). Studies by Ahner et al. (1995) and Lavoie et al. (2009) have looked at multiple 
species with differing tolerances to cadmium, and found that the more sensitive 




It is not known whether this trend is consistent with copper exposures, however based 
on the results in this study, the more tolerant species produced shorter chain lengths 
in response to copper, in direct contrast to the previous studies on cadmium induced 
phytochelatin production in microalgae, which may be related to the relative strength 
of cadmium PC induction previously discussed. Other studies on copper-induced 
phytochelatin production showed varied results amongst diatoms, with some species 
producing comparatively low PC concentrations, and others with relatively high 
concentrations.  PC chain length, in these diatoms, appeared to be species dependant 
and not related to copper tolerance (Ahner et al., 2002; Rijstenbil and Wijnholds, 
1996). Therefore it is likely to be coincidental that P. tricornutum and C. closterium 
produced longer chain PCs and is probably not related to them both being diatoms, 
nor to their comparatively lower tolerance to copper.  
Previous studies on green microalgae (Tetraselmis maculata and Dunaliella sp.) 
exposed to copper have only reported values for relatively short exposures ≤ 24 h, 
however they found that PC2 and PC3 were dominant with values ranging from 
~40-70% and ~25-40% of total PC for PC2 and PC3, respectively (Ahner and Morel, 
1995; Ahner et al., 2002). Cadmium exposures provide a larger data set with green 
algae producing more PC and longer chain lengths as exposure concentration 
increased. At lower cadmium concentrations PC2 and PC3 tended to be dominant and 
at higher exposure concentrations PC3 and PC4 dominated (Ahner and Morel, 1995; 
Ahner et al., 1995; Ahner et al., 2002; England and Wilkinson, 2011; Lavoie et al., 2009; 
Le Faucheur et al., 2005).  
Previous research showed that phytochelatin was induced in response to intracellular 
cadmium content in Dunaliella sp. and Tetraselmis maculata following cadmium 
exposure. Cadmium-exposed Dunaliella sp. and T. maculata showed similar trends to 
those observed for copper-exposed D. tertiolecta and Tetraselmis sp. in this study 
(Chapter 6) (Ahner et al., 1995). T. maculata had intracellular cadmium concentrations 
>10 times those of Dunaliella sp. at exposure concentrations from pCd 13-9 (calculated 
free cadmium concentrations of 0.1 pM to 1 nM), with phytochelatins concentrations 
in T. maculata up to three times greater than Dunaliella sp.. However, the profile of 




and PC4 in far greater quantities than PC2. T. maculata almost exclusively produced PC2 
except for the highest Cd2+ concentration (pCd 9, 1 nM) where PC3 was expressed in 
quantities comparable to PC2. In the current study Tetraselmis sp. and D. tertiolecta 
produce PC2 preferentially, especially at exposures >24 h. Cadmium exposure has been 
shown to induce PC differently to copper exposure so care must be taken when 
interpreting results for different metals.  
The ‘two-phase’ response observed in the green algae D. tertiolecta and 
Tetraselmis sp. upon copper exposure (Chapter 6) whereby the cellular response of 
glutathione and phytochelatins in the first ‘acute’ 24 h differed from chronic responses 
after 48 and 72 h was an interesting phenomenon that was less pronounced in the 
diatoms P. tricornutum and C. closterium. In the first 24 h of copper exposure both 
D. tertiolecta and Tetraselmis sp. had a higher relative production of longer chain PC 
than at 48 and 72 h, as intracellular copper concentrations continued to increase it 
would appear this is not related to total intracellular metal. The glutathione ratio was 
also affected differently at ‘acute’ compared to ‘chronic’ exposures. Acute exposures 
(<24 h) resulted in a lower proportion of reduced glutathione that later increased at 
48 h in both green algal species (however the large variability in D. tertiolecta may 
suggest this data point is uncharacteristic). At 72-h this decreased again in 
D. tertiolecta however it remained steady in Tetraselmis sp.. A possible explanation for 
this ‘two-phase’ response is that initial exposures may make the cells less sensitive. 
This hypothesis is supported by Tsuji et al. (2002) in which a 12-h pre-exposure to 
100 µM Zn, which had no effect on population growth, decreased the sensitivity in 
D. tertiolecta to several metals and metalloids (Cu, Cd, Hg, As and Pb). This pre-
exposure also made the cells more tolerant towards hydrogen peroxide, suggesting 
that after the initial exposure the cells have built up sufficient metal detoxification 
mechanisms to manage the effects of further exposure. Similar studies have also been 
performed on C. closterium (formerly Nitzschia closterium), where pre-exposures to 5 
and 25 µg Cu/L were performed for between 35 and 196 days. Pre-exposure to 5 µg/L 
had no significant effect on growth rate, however intra- and extra-cellular copper 
accumulation decreased after pre-exposure (due to high variability in baseline 




actually increased sensitivity, as evidenced by a significantly (p < 0.05) lower measured 
IC50 (Johnson et al. 2007). If this pre-exposure effect observed over long-term pre-
exposure conditions is also observed on a shorter time scale, cells may appear more 
sensitive after 24-48 h of initial exposure to copper. Several of the effects observed in 
C. closterium support this hypothesis that C. closterium becomes more sensitive to 
copper over 72 h of exposure: the plateauing of phytochelatin production, the almost 
complete oxidation of the glutathione pool, as well as a decrease in total glutathione 
at 72 h (Chapter 5). However, due to differences in exposure concentrations, definitive 
conclusions are unable to be made regarding this proposed effect of copper exposure.  
Despite each species producing phytochelatins at levels far exceeding basal 
phytochelatin levels (control levels), symptoms of toxicity were still observed, in terms 
of growth inhibition. This suggests that either the phytochelatin response was 
insufficient to detoxify all intracellular metal and/or phytochelatin production was at 
the expense of other cellular processes, causing the observed toxicity effects such as 
growth inhibition.  
Different PC responses in different algae may play a role in determining copper 
tolerance in microalgae, however, observed results did not support the hypothesis that 
they are a major contributor to metal detoxification within marine algal cells. 
Therefore other intracellular thiols and copper-binding ligands were investigated. 
 
7.4 Total thiols 
Glutathione is the major non-protein thiol within a cell (prior to metal exposure) and 
as such contributes to total thiols within a cell. The effect of metal exposure on the 
total glutathione pool can vary and may be affected from several pathways, including 
the production of PC. In this study, the measured total thiols (as GSH or PC) were 
determined in the four marine microalgal species to show any relationship between 
total thiols, intracellular metal and copper tolerance. Based on the hypothesis that 
thiols are the main detoxification method within an algal cell it was expected that 




species would have decreasing ratios with increasing exposure time (and therefore 
increasing intracellular copper).  
Molar ratios of intracellular copper to total thiols (total GSH + total PC) over 72-h 
exposures to copper showed linear relationships in three of the four species 
(Figure 7.3) with a time-dependent increase in intracellular Cu: total thiols ratio. The 
molar ratios of intracellular copper to total cellular thiols in P. tricornutum were 
relatively constant over the 72 h, suggesting that thiols are produced at a rate 
proportional to intracellular copper concentrations; and are more important in 
detoxification (per mole of intracellular copper) than the other species studied in this 
thesis, despite P. tricornutum’s position as the most sensitive species. Conversely, D. 
tertiolecta exhibited the greatest linear increase in intracellular copper: total thiol 
ratio, meaning that it produced the least moles of thiols per mole of intracellular 
copper meaning that thiol production occurred at a rate lower than net accumulation 
of copper intracellularly, suggesting that glutathione and phytochelatin are not the 
main contributors to the detoxification of intracellular metal. C. closterium had a 
similar rate of increase in this ratio compared to P. tricornutum up until 24 h, after 
which time the ratio increased exponentially in C. closterium. The rate of change in the 
ratios conflicts with what would be expected for each of the alga’s relative tolerances 
based on the hypothesis that thiols are the main detoxification method within an algal 
cell.  
The total thiols: intracellular copper ratio (Figure 7.4) eliminated the differences 
between control and copper-exposed cells that existed when only examining 
phytochelatins (Figure 7.2). For all species and exposure times the majority of the data 
points now sit well above the 1:1 total-SH:intracellular copper molar ratio line. Total 
thiols to intracellular metal ratios have been examined in the literature with varying 
results. P. tricornutum exposed to Cd or Pb for 72-h at various exposure concentrations 
up to 0.5 µM showed a decreasing thiol:metal ratio as intracellular metal increased, 
however ratios remained above a 1:1 molar ratio at all exposure concentrations 
(Morelli and Scarano, 2001). In this study the thiol:intracellular copper ratio in P. 




(Chapter 5). C. reinhardtii and P. subcapitata both showed decreasing ratios with 
increasing intracellular cadmium and the ratio remained above 1:1. P. subcapitata was 
the more sensitive species and had a higher thiol:Cdintra ratio than C. reinhardtii across 
all cadmium exposures (up to 253 nM Cd2+), however the ratio decreased more rapidly 
in P. subcapitata than in C. reinhardtii (Lavoie et al., 2009). S. vacuolatus exhibited the 
same decreasing trend in thiol:Cdintra ratios, and a drop in the ratio to ~0.6 was 
observed following exposures of 10-100 nM Cd2+. A ratio below 1:1 shows that 
cadmium molecules out number thiol molecules at the highest exposure 
concentrations, this was observed for D. tertiolecta, Tetraselmis sp. and C. closterium 





Figure 7.3: Relationship between intracellular copper and total thiol content (as 









































































Dunaliella tertiolecta Tetraselmis sp. Phaeodactylum tricornutum Ceratoneis closterium
 
 
Figure 7.4 Relationship between cellular total thiols (measured as [GSH] + 2[PC2] 
+3[PC3] + 4[PC4] + 5[PC5]) and intracellular copper in four marine microalgae with 
varying sensitivity to copper. An X=Y 1:1 line is plotted for reference. 
 
7.5 Glutathione 
Total thiols were not able to fully explain differences in copper sensitivities between 
species. Glutathione is a large component of the non-protein thiols within a cell. In this 
study, the diatom C. closterium and the green alga D. tertiolecta had comparable total 
glutathione concentrations in unexposed cells, with approximately 200 amol/cell. 
Control cells of P. tricornutum however had approximately half and Tetraselmis sp. 
more than 5 times that amount per cell (Figure 7.1).  
It is well known that glutathione exists in two forms, reduced (GSH) and as an oxidized 
dimer (GSSG). Maintenance of the reduced glutathione pool is necessary for cellular 
function, cell division, as an antioxidant and in maintaining homeostasis (Stauber and 
Florence, 1987; Stauber and Florence, 1990; Stoiber et al., 2010). Reduced glutathione 
constitutes 50-80% of total glutathione in unexposed control cells (Figures 5.3 and 6.3), 




considerably between species. In P. tricornutum reduced GSH (as a percentage of total 
glutathione) was relatively constant over the 72-h copper exposure. In both green 
algae, reduced GSH was lower than in controls over all exposure times (except 48 h in 
D. tertiolecta). In C. closterium there was an initial increase in the proportion of 
reduced glutathione, followed by a decrease after a 6 h exposure.  
There are relatively few studies that examine the redox state of microalgae directly, 
and an in depth discussion regarding the literature for redox ratios and the activity of 
the glutathione reductase enzyme is presented in Chapters 5 and 6. In summary, redox 
active metals, such as copper, have a greater impact on the glutathione ratio than non-
redox active metals such as cadmium in C. reinhardtii (Stoiber et al., 2010; Stoiber et 
al., 2007). Cadmium and copper also had opposite effects on the total glutathione 
concentration in C. reinhardtii, with increasing copper exposure concentration 
reducing the amount of intracellular glutathione and increasing cadmium exposure 
concentrations increasing intracellular glutathione (Stoiber et al., 2010; Stoiber et al., 
2007). The level of GSH is usually regulated by the enzyme glutathione reductase (GR). 
In a healthy cell, this enzyme recycles oxidised GSSG to maintain a balance between 
the two oxidation states of glutathione. GR, has been shown to be inhibited by copper 
both in vitro (Stauber and Florence, 1986) and in C. reinhardtii after 24-h copper 
exposures, however cadmium caused an increase in GR activity following a 24-h 
exposure (Stoiber et al., 2010). P. tricornutum showed little to no change in GR activity 
throughout a 48- h exposure to copper (Morelli and Scarano, 2004) which is consistent 
with the maintained proportion of reduced GSH in P. tricornutum from the present 
study (Chapter 5). Responses of total glutathione and GR in C. closterium have also 
been investigated during exposure to 500 µg/L Zn (7.6 µM), total thiols and glutathione 
were found to increase whilst the activity of GR was not inhibited at this Zn exposure 
concentration (Stauber and Florence, 1990).  
Glutathione ratios appear to be an indicator of relative cellular stress from copper 
exposure in three of the marine species studied in this thesis, however, P. tricornutum 
showed no significant change in its reduced glutathione pool as a result of copper 
exposure despite its greater sensitivity to copper, this could indicate that maintaining 




this microalga, and thus the reduced:oxidised glutathione ratio did not directly cause 
the observed toxicity symptoms. 
7.6 Intracellular copper-binding ligands 
Other intracellular copper binding ligands, such as proteins and enzymes may help 
elucidate why some species are more tolerant than others to copper exposure. 
Chapter 3 examined copper-binding proteins in control and copper-exposed cells and 
significant changes were investigated further. C. closterium in particular showed 
significant changes following a 72-h exposure to its IC50 copper concentration. In 
C. closterium, glutathione decreased over 72 h, relative to controls (Chapter 5). The 
glutathione that was still present in the cell after 72 h of copper exposure was 
essentially all oxidised with <5 % of the glutathione pool in the reduced form 
(Chapter 5). C. closterium was also observed to have a significant decrease in heat 
shock 70 family proteins as a result of a 72-h exposure to IC50 copper concentrations 
(Chapter 3) (Smith et al., 2014b). Heat shock proteins are involved in recovery during 
and after cellular stress; they assist in protein unfolding and refolding and maintaining 
cellular homeostasis. Glutathione reductase activity has been shown to decrease (in 
vitro) (Stauber and Florence, 1986) and in C. reinhardtii (Stoiber et al., 2010) following 
copper exposure, and the decrease in total and reduced glutathione would suggest 
that the glutathione reduction and synthesis pathways are being inhibited, and 
combined with the change in heat shock proteins this could indicate intracellular 
stress. However it was not possible to determine whether such changes actually 
caused growth inhibition in this algae. 
The PC-SH: intracellular copper relationship observed in P. tricornutum and 
D. tertiolecta (section 7.3), whereby the ratio increased in P. tricornutum and 
decreased in D. tertiolecta as intracellular copper increased, appears counter-intuitive, 
as D. tertiolecta was significantly more tolerant than P. tricornutum and had 
intracellular copper concentrations more than three times greater than P. tricornutum. 
This difference in internalised copper is cancelled out when the disparity in cell sizes is 
taken into account as described in section 7.2 and therefore with similar relative 




phytochelatins concentrations than P. tricornutum. One theory proposed by several 
researchers is that the production of high molecular weight (HMW) complexes with PC, 
metals and S2- constituents (Hu et al., 2001; Kneer and Zenk, 1997; Lavoie et al., 2009). 
These HMW complexes use thiols more efficiently and have lower thiols to metal 
concentrations. Metal-phytochelatin complexes (in response to cadmium exposure) 
had ratios from 3 to 5 thiols : 1 metal ion (Hu et al., 2001; Kneer and Zenk, 1997). The 
metal-phytochelatin complexes were more labile and considered temporary storage, 
whereas, once converted to the HMW complexes, were more stable and persisted 
even after removal from the cadmium-exposed environment (Hu et al., 2001; Kneer 
and Zenk, 1997). It has been suggested that after the conversion of the metal-
phytochelatin complex to the HMW complexes, excess phytochelatins could be 
recycled and/or broken down by the cell leading to a low net production rate (Lavoie 
et al., 2009). This theory would appear to support the high tolerance of D. tertiolecta 
despite the relatively low phytochelatins concentration as it may be more efficient at 
converting metal-PC complexes to HMW complexes. P. tricornutum may have such a 
high rate of PC production due to an inability or lower activity of converting metal-PC 
complexes to HMW in comparison to D. tertiolecta. 
A summary of the intracellular data is presented in Table 7.1, and this overview allows 




Table 7.1 Comparisons of cellular responses in four marine algae following a 72 h exposure at their respective IC50 copper concentrations 
Mod = Moderate 
 
 
Alga Intracellular copper 
(amol/cell)        (amol/µm3) 
Sensitivity to 
copper 
Net PC production Dominant PC  
(after 72 h) 
Total GSH 
(relative to controls after 72 
h exposure) 
Reduced GSH 
(after 72 h copper exposure) (amol/cell) (amol/µm3) (amol/µm2) 
P. tricornutum Low Low High High  V. High V. High PC 2 + 3 Increase High 
C. closterium Mod High High Low  Mod Mod PC 2 + 3 Decrease Low 
Tetraselmis sp. High Mod Mod High  Mod Mod-High PC 2 Decrease Mod 





This thesis sought to elucidate mechanisms of copper toxicity and detoxification in four 
marine microalgae, through careful analysis of copper-binding proteins, 
phytochelatins, glutathione and reduced:oxidised glutathione ratios. A number of 
interesting patterns emerged, however no single factor was able to fully explain the 
variation in copper sensitivity amongst the four species. P. tricornutum internalised the 
least copper, produced the most PC (per µm3 and per µm2 of surface area), increased 
its total glutathione content and maintained its reduced glutathione pool, however it 
was the most sensitive species, in direct contradiction to expectations based on its 
high intracellular thiol response and low copper uptake. C. closterium produced 
comparatively little phytochelatin in response to a large uptake of copper over 72 h, 
and the glutathione pool was diminished and oxidised, perhaps explaining its relatively 
low tolerance to copper and the disappearance of heat shock proteins, from its IMAC-
recoverable protein expression profile following 72 h of copper exposure. Tetraselmis 
sp. had the highest intracellular copper per cell which was less pronounced when its 
larger cell size was taken into account, it had a relatively large glutathione and 
phytochelatin pool following 24 h of copper exposure, however this decrease with 
longer exposure durations and cellular recovery appeared to occur as evidenced by the 
reduced:oxidised glutathione ratio re-establishing at a ratio closer to controls, despite 
continuing increasing intracellular copper concentrations. D. tertiolecta, the most 
tolerant species, had low relative intracellular copper, low relative production of 
phytochelatin, no large changes to total glutathione consistent with expectations 
based its relative tolerance to copper. The glutathione ratio of D. tertiolecta did change 
considerably in response to copper exposure, decreasing immediately and stabilising at 
~30% reduced glutathione (except for the 48 h point as previously discussed). From the 
data produced in this thesis, it is evident that there are multiple pathways of toxicity 
and detoxification that vary between species and further investigations are needed to 







7.8 Future directions 
The work in this thesis has successfully determined a number of intracellular copper-
binding ligands within four marine microalgae species. The results presented here 
suggest that there is more than one mode of action of copper toxicity and indeed of 
copper detoxification within these microalgal species. Possible future studies towards 
a complete elucidation of the mechanisms of copper toxicity and copper detoxification 
within microalgae are highlighted below. 
Enzymatic studies, in particular investigating changes in glutathione reductase activity 
in response to copper exposure over time would help elucidate how copper altered 
the reduced:oxidised glutathione ratio in these algae. These enzymatic studies would 
assist in determining whether the changes in reduced glutathione observed in the four 
marine species examined results from direct copper inhibition of the enzyme or direct 
effects on the glutathione pool and/or reactive oxygen species. 
In addition to monitoring both acute and chronic responses to copper exposure, as was 
done in this study, examining the effect of multiple exposure concentrations above 
and below the IC50 values on thiols and phytochelatin production may determine 
whether there is a ‘critical’ point, beyond which a cell’s detoxification mechanisms 
become overwhelmed, and the presence of these ‘critical’ points may be a basis for 
the relative tolerance or sensitivity to copper. For a full understanding it will be 
necessary to look at both chronic and acute exposures as the work in this thesis clearly 
demonstrated different intracellular thiol responses for exposures less than and 
greater than 24 h. 
Studies into the ability of cells to recover following copper exposure may also help 
determine the mechanism of tolerance to copper in subsequent generations of cells. If 
cells are able to recover relatively fast or maintain their defensive molecule 
concentrations post-exposure would this assist in short-term tolerance for the next 
generation of cells? If so, on what time scales are they protective effects induced? 
Determining if initial exposures offer a protective effect could explain the two phase 




Currently, through necessity, we are examining averages of the responses of hundreds 
of millions of cells. Single cell studies have been shown to assist in elucidating 
mechanisms of interactions between biomolecules (Van Oijen, 2011): this may also be 
the case in helping to determine toxicity of copper to marine microalgae. 
This work has laid the foundation for a more in depth study to investigate the 
detoxification and toxicity mechanisms in marine microalgae. Determining why species 
have differing sensitivities to metals and their different cellular responses to metal 
exposure could assist in developing more appropriate and specific guideline values for 
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 Table S1:  Intracellular copper concentrations in Dunaliella tertiolecta and Tetraselmis sp. over 72 h (mean ± SE, n≥3) – Also represented in Figure 6.1. 
 
Control 0.5 h 3 h 6 h 24 h 48 h 72 h 
Dunaliella tertiolecta 
Intracellular copper 
(amol Cu/cell ± SE)  15 ± 5 28 ± 3 55 ± 2 94 ± 5 180 ± 8 300 ± 30 650 ± 70 
Dissolved Cu in solution 
(µg/L ± SE)  
a 220 ± 30 145 ± 7 115 ± 4 270 ± 10 350  ± 20 350  ± 20 
Tetraselmis sp. 
Intracellular copper 
(amol Cu/cell ± SE)  37 ± 4 90 ± 30 360 ± 30 1300 ± 200 700 ± 200 1120 ± 20 1900 ± 300 
Dissolved Cu in solution 
(µg/L ± SE)  
a 47  ± 1 78 ± 1 51 ± 1 18 ± 6 26 ± 3 38 ± 6 
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a  b  s  t  r  a  c  t
Phytochelatins  and  glutathione  (reduced  (GSH)  and  oxidised  (GSSG))  are  important  intracellular  lig-
ands involved  in  metal  sequestration  and  detoxification  in  algae.  Intracellular  ratios  of  GSH:GSSG  are
sensitive indicators  of  metal  stress  in algae,  and  like phytochelatin  production  are  influenced  by metal
speciation,  concentration,  exposure  time  and  the  biological  species.  This  study  investigated  the  effect
of  copper  exposure  on phytochelatin  and  glutathione  content  in two  marine  diatoms  Phaeodactylum
tricornutum  and  Ceratoneis  closterium  at various  time  intervals  between  0.5  and  72  h. Liberation  of cel-
lular  glutathione  and  phytochelatins  was  optimised  using  freeze/thaw  cycles  and  chemical  extraction,
respectively.  Extracted  phytochelatins  were  derivatised  (by  fluorescent  tagging  of thiol  compounds),  sep-
arated  and  quantified  using  HPLC  with  fluorescence  detection.  Glutathione  ratios  were  determined  using
a commercially  available  kit, which  uses  the  enzyme  glutathione  reductase  to measure  total  and  oxidised
glutathione.
Despite similarities  in size  and  shape  between  the  two  diatoms,  differences  in  internalised  copper,  phy-
tochelatin  production  (both  chain  length  and quantity)  and  reduced  glutathione  concentrations  were
observed.  P.  tricornutum  maintained  reduced  glutathione  at  between  58  and  80%  of  total  glutathione
levels  at  all  time  points,  which  would  indicate  low  cellular  stress.  In C.  closterium  reduced  glutathione
constituted  <10%  of  total  glutathione  after  48 h. P.  tricornutum  also  produced  more  phytochelatins  and
phytochelatins  of longer  chain  length  than  C.  closterium  despite  the latter  species  internalising  signifi-
cantly  more  copper.
© 2014  Elsevier  B.V.  All  rights  reserved.
1. Introduction
The ability of algae to tolerate metal exposure varies consider-
ably with species. Some species are remarkably tolerant, able to
cope with metal concentrations hundreds of times above back-
ground; others are quite sensitive, requiring only a few g per
litre to be adversely affected. Previous work (Levy et al., 2008,
2007) looking at a variety of species showed that cell size, extra-
cellularly bound copper and internalised copper did not explain
differences in copper sensitivity of microalgae. It is well-established
that cell–metal interactions can lead to oxidative damage, partic-
ularly when redox active metals are involved (Tsuji et al., 2002;
Zenk, 1996). Metals may  also bind to and inactivate important pro-
teins and macromolecules within the cell (Smith et al., 2014). Thus,
∗ Corresponding authors. Tel.: +61 2 4221 3516; fax: +61 2 4221 4287.
E-mail addresses: cs713@uowmail.edu.au (C.L. Smith), djolley@uow.edu.au
(D.F. Jolley).
diatoms are likely to metabolically manage intracellular copper in
different ways. Plant and animals cells have evolved to produce
various metal binding ligands which can serve a regulatory role or
as a defence response to the presence of excess or toxic free metal
ions (Grill et al., 1987; Zenk, 1996).
Glutathione (GSH) is a low molecular weight thiol found in most
prokaryotic and eukaryotic cells (Mendoza-Cózatl et al., 2005).
It is an important antioxidant (McDermott et al., 2011; Morelli
and Scarano, 2004) and serves as a strong indicator of changes in
the intracellular redox environment of an organism (Schafer and
Buettner, 2001). Glutathione exists in two forms, reduced GSH and
the oxidised form glutathione disulfide (GSSG). Most cellular pro-
cesses utilise the reduced form, GSH (Mallick and Mohn, 2000),
which plays an integral role in metal-chelation processes as it is a
precursor for phytochelatins (PC).
Glutathione can be ‘recycled’ from the oxidised form back
to the reduced form via a complex glutathione-ascorbate redox
cycle involving the enzyme glutathione reductase (GR; EC 1.6.4.2)
(Mendoza-Cózatl et al., 2005). Cells can also synthesise more GSH
http://dx.doi.org/10.1016/j.aquatox.2014.08.010
0166-445X/© 2014 Elsevier B.V. All rights reserved.
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when required, however this synthesis is triggered when other
cellular processes consume or remove GSH rather than merely
oxidising it, as the threshold levels of GSH and GSSG collectively
appear to act as an inhibitor of the synthesis pathway (Mendoza-
Cózatl et al., 2005). Some of the cellular processes that consume
GSH include phytochelatin production and use as a substrate for
glutathione-S-transferase (GST). PC production utilises GSH sub-
units in chain elongation (Vatamaniuk et al., 2004). GSTs catalyse
the binding of GSH to substrates (via the reactive thiol group), mak-
ing them more soluble (Oakley, 2011), however, several GSTs can
utilise GSH as a co-factor instead of a substrate and therefore may
not consume GSH in the same way (Oakley, 2011).
Phytochelatins (PC) are essentially a polymer chain of repeating
-glutamic acid and cysteine (EC) amino acid units terminated
by a glycine (G) residue at the C-terminus. The number of repeat-
ing units varies with: species (Grill et al., 1987); time (Morelli
and Scarano, 2001, 2004; Scheidegger et al., 2011), metal expo-
sure (Morelli and Scarano, 2001, 2004), and metal concentration
(England and Wilkinson, 2011; Lavoie et al., 2009). Grill et al. (1985)
showed that the number of repeating units could be between 2 and
11. Later studies have shown that n = 2–6 are the most common in
algal species (Lavoie et al., 2009; Morelli and Scarano, 2004), with
some researchers (Bräutigam et al., 2009) proposing that any PCs
identified above five repeating units may  be dimers of smaller oxi-
dised PC chains. Longer chain length provides a much stronger bond
between the phytochelatin and the metal ion (Mehra et al., 1995).
Phytochelatins are one of the three classes of metallothioneins.
Metallothioneins are broken into three classes based on their
structure, however all metallothioneins are low molecular weight,
cysteine rich metal binding proteins (Cobbett and Goldsbrough,
2002). Class I metallothioneins are a group of metallothioneins
widespread amongst vertebrates and are classified based on 20
highly conserved cysteine residues. Class II metallothioneins do
not have this specific arrangement of cysteine residues and are
found in plants, fungi and non-vertebrate animals (Cobbett and
Goldsbrough, 2002). Class III metallothioneins are phytochelatins
and are unique because of the presence of the -binding on the
E residue, which utilises the second carboxylic acid group on the
R chain, can only be achieved through an enzyme-catalysed link-
age, and cannot be gene encoded. PCs are specifically induced as
a result of metal exposure, whereas other cell stressors such as
thermal shock (hot and cold), hormone levels, oxidative stress and
anoxia do not result in measurable levels of PC (Steffens, 1990). PC
production is greatly enhanced and catalysed by the presence of
bioavailable metal ions in the cell that can bind to GSH or PC. This
production process is self-regulating as metal binding to PC and
GSH reduces the bioavailability of the metal (Vatamaniuk et al.,
2004). PC production has been found to cease in cells removed
from the metal exposure and given time to recover (Hu et al., 2001;
Morelli and Scarano, 2001). A small amount of PCs has been found
at non-contaminated natural exposure concentrations of metals in
some algal species, such as Thalassiosira weissflogii,  Chlamydomonas
reinhardtii and Pseudokirchneriella subcapitata (Ahner et al., 1994;
Lavoie et al., 2009) suggesting a role in homeostasis as well as
metal stress alleviation (Grill et al., 1987). PCs may  also partici-
pate in alleviating oxidative stress (Morelli and Scarano, 2004; Tsuji
et al., 2002). Dunaliella tertiolecta cells pre-exposed to zinc to trig-
ger PC synthesis were subsequently more tolerant towards reactive
oxygen generating compounds (Tsuji et al., 2002).
Metal-induced phytochelatin production in microalgae has
received limited attention (Table 1) and has predominately focused
on exposures to cadmium (the strongest inducer and a non-
essential metal) and copper (an essential metal), both contaminants
of environmental concern (Tercier-Waeber and Taillefert, 2008).
It must be noted that these studies have primarily examined the
effect of the metals at 10–1000 times the concentrations found in
even the most polluted waters, and far above the concentrations
needed to inhibit the population growth of the algae. Phytochelatin
production in the marine diatom Phaeodactylum tricornutum has
been examined following exposure to 10 M cadmium, copper and
lead (1124, 635 and 2072 g metal/L, respectively). Copper and cad-
mium exposures (7 h) produced a variety of PC lengths dominated
by PC3 and PC4 whereas when cells were exposed to lead, PCs
were almost exclusively PC2 (Morelli and Scarano, 2001, 2004).
England and Wilkinson (2011) showed that in a single species
(C. reinhardtii)  different cadmium concentrations yielded different
amounts of PC and altered the length of the dominant PC species.
This supported the results of Lavoie et al. (2009) who  observed that
as cadmium exposure concentration increased, the chain length of
the phytochelatins increased in two freshwater algae C. reinhardtii
and P. subcapitata (formerly known as Selenastrum capricornutum).
However, at the higher exposure concentrations P. subcapitata (the
more sensitive species) produced shorter chain lengths than C. rein-
hardtii, which may  explain its higher sensitivity towards cadmium
as longer chain lengths are able to bind metals more strongly.
In order to apply biotic ligand models to derive site-specific
metal water quality guidelines for ecosystem protection, it is
essential to have a better understanding of the mechanism of
metal toxicity in microalgae. This research aims to examine the
production of intracellular thiols in microalgae in response to
environmentally relevant copper exposures. Two  pennate diatoms
similar in size, shape and copper tolerance, P. tricornutum and Cer-
atoneis closterium were investigated. The previously reported IC50
(concentration of copper needed to inhibit population growth by
50%) and 95% confidence interval for P. tricornutum and C. closterium
are 8.0 (4.7–8.3) g Cu/L (126 nM)  and 18 (6–30) g Cu/L (283 nM),
respectively (Johnson et al., 2007; Levy et al., 2008). Despite the
similarity in copper tolerance C. closterium has demonstrated a
greater uptake of copper than P. tricornutum following a 72-h
IC50 copper exposure. Exposures concentrations much greater than
their respective 72-h IC50 concentrations have shown different
responses in total intracellular thiols (Morelli and Scarano, 2004;
Stauber and Florence, 1986).
This study investigates the glutathione ratio and phytochelatin
production over time in these two  marine diatoms, in response
to copper using both a commercially available glutathione assay
(Cayman Chemical) and a high performance liquid chromatogra-
phy (HPLC) fluorescence technique (Lavoie et al., 2009; Le Faucheur
et al., 2005). As a result of the increased intracellular copper con-
centration, a significant impact on the intracellular thiol content is
expected in C. closterium in the form of a decreased ratio of reduced:
oxidised glutathione and greater quantities of longer chain phy-
tochelatins in comparison to P. tricornutum.
2. Methods
2.1. Culture of algae and metal exposure bioassay
Axenic algal cultures were originally obtained from the CSIRO
Collection of Living Microalgae, Marine and Atmospheric Research
(Hobart, Australia). Algae were maintained in autoclaved f2 media
(half strength f media), except for C. closterium which was  cul-
tured in full strength f media (Guillard and Ryther, 1962). Algae
were kept at 21 ◦C, on 12:12 hour light dark cycle at 110 mol
photons m−2 s−1 in a controlled environment incubation chamber
(Labec, Australia). Algae were transferred into fresh media weekly.
Culture and bioassay flasks were agitated and randomly rotated
within the incubator to promote gas exchange and to allow consis-
tent light exposure.
Copper exposure bioassays were conducted in silanised
glassware to minimise copper losses to the glass walls of
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Table  1
Selected published studies on phytochelatins in microalgae.
Species Medium and
exposure (h)
Concentration PCs found Dominant PC(s) Reference
Phaeodactylum tricornutum Natural seawater
enriched with f2
(1–7 h)
Cd 10 M PC2–5 PC3+4 Morelli and Scarano, 2001
(Cd and Pb) and 2004 (Cu)
Pb  10 M PC2–5 PC2
Cu 10 M PC2–6 PC3
Artificial seawater
with EDTA (24 h)
Cd 9 M PC2–6 PC2+4 Rijstenbil and Wijnholds
(1996)
Cu 0.4 M PC2 PC2
Aquil (36 h) pCd 11-9 PC2–4 PC2 Ahner et al. (2002)
pCu 11-9 PC2–4 PC2
Ditylum brightwellii Artificial Seawater
with EDTA (24 h)
Cd 0.09 M None – Rijstenbil and Wijnholds
(1996)
Cu 0.16 M PC2–3 PC2
Skeletonema costatum Artificial Seawater
with EDTA (24 h)
Cd 0.45 M PC2–4 PC2 Rijstenbil and Wijnholds
(1996)
Cu 0.4 M PC2–3 PC2+3
Thalassiosira weissflogii Aquil (36 h) pCd 12–9 PC2–4 Varied with concentration Ahner et al. (2002)
pCu 12–9 PC2–4
Thalassiosira pseudonana Artificial Seawater
with EDTA (24 h)
Cd 0.09 M PC2–4 PC2 Rijstenbil and Wijnholds
(1996)
Cu 0.4 M PC2–4 PC2
Aquil (36 h) pCd 12-9 PC2–4 Varied with concentration Ahner et al. (2002)
pCu 11-9 PC2–4
Emiliania huxleyi Aquil (36 h) pCd 11-9 PC2–4 Varied with concentration Ahner et al. (2002)
pCu 11-9 PC2–4
Dunaliella sp. Aquil (36 h) pCd 12-9 PC2–4 Varied with concentration Ahner et al. (2002)
pCu 12-9 PC2–4
Chlamydomonas reinhardtii TAP (1–8 h) Cd2+ 0.01 M PC2–4 Varied with concentration England and Wilkinson
(2011)
Cd2+ 0.1 M
MSHM-1 (72 h) Cd2+ PC2–6 Varied with concentration Lavoie et al. (2009)
9 × 10−4 (control) – 253 nM




pCd 13.1-7.1 PC2–6 Varied with concentration Le Faucheur et al. (2005)
Pseudokirchneriella subcapitata MSHM-1 (96 h) Cd2+ PC2–6 Varied with concentration Lavoie et al. (2009)
9 × 10−4 (control) – 253 nM
the flasks. Test media consisted of seawater (0.2 m filter
sterilised PES (polyethersulfone) membrane, bottle top filters,
Sartorius, Australia) supplemented with 15 mg  NO3− L−1 and
1.5 mg  PO43− L−1 (added as NaNO3 and NaH2PO4, respectively).
Cells were harvested from media by centrifuge, washed, counted
and inoculated into test media for 12 h prior to bioassay to allow
equilibration in the lower nutrient bioassay media before combin-
ing with copper-seawater solutions. Copper was added (as copper
sulfate) to the bioassay to achieve the respective 72-h IC50 con-
centrations and allow equilibration overnight. Algal solutions of
known cell density and copper-seawater equilibrated solutions
were combined and cells were harvested at 0.5, 3, 6, 24, 48 and
72 h for PC and GSH measurements. Exposure treatments were per-
formed in triplicate. Cell densities varied with exposure time, as for
exposures under 24 h, there was little to no growth and therefore
larger numbers of cells were required to have sufficient biomass for
GSH and PC analysis. For 0.5, 3 and 6 h exposures, approximately
5 × 105 cells/ml were inoculated into bioassay flasks, and ∼3 × 105,
∼1 × 105 and ∼5 × 104 cells/ml for 24-, 48- and 72-h exposures,
respectively.
Glutathione and phytochelatin analysis requires large cell num-
bers, thus high cell densities were needed to achieve adequate
tissue mass, particularly for shorter durations that were ana-
lysed before significant cell division had occurred. In previous
freshwater studies to obtain the desired IC50 exposure many stud-
ies rely upon the addition of EDTA (ethylenediaminetetraacetic
acid) or NTA (nitrilotriacetic acid), however in seawater assays
most test protocols recommend media without EDTA which would
otherwise complex metals (Stauber and Davies, 2000). Test pro-
tocols recommend pristine filtered seawater supplemented with
nitrate and phosphate and non-complexing buffers if required
(Stauber and Davies, 2000) therefore, EDTA was not used in this
study.
The density of algal cultures was  determined by flow cytom-
etry (LSR II, Becton Dickinson, Australia) using TruCountTM (BD
Biosciences) beads as an internal reference standard. Algal cell
chlorophyll a autofluorescence was  measured by exciting cells at
488 nm and capturing the emission passing through a 685 nm long-
pass barrier filter followed by a 695/40 nm band-pass filter. Data
was acquired using FACSDiva software (V4.0, Becton Dickinson,
Australia) and cell densities calculated as per Franklin et al. (2005).
All samples were mixed by vortex immediately prior to analysis to
minimise algal settling and clumping.
2.2. Thiol extraction and analysis by fluorescence method
The extraction efficiency of the fluorescence thiol extrac-
tion method (Section 2.3) was investigated for each diatom
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species. Approximately 4 × 108 cells (in triplicate) were
resuspended in 500 l of extraction solution (0.1 M HCl with
5 mM DTPA (diethylenetriamine pentaacetic acid)), heated at
90 ◦C for 2 min, cooled at 4 ◦C for 10 min, centrifuged (10,000 × g,
5 min), and the supernatant was retained. The cell pellets were
resuspended in 500 l of fresh extraction solution and the process
repeated twice more. The three supernatants were derivatised
separately (described below) and their GSH content determined
by HPLC. The total GSH extracted was calculated by summing
the measured GSH from the three separate extractions; this was
operationally defined as total GSH, and the extraction efficiency
of the first extraction was determined as a percentage of this
total.
This method measures total GSH and PC2–5 through fluores-
cence detection after derivatisation and separation by HPLC. Cells
were collected by centrifugation (5000 × g, 8 min), the cell pellet
was washed and resuspended in seawater and an accurate cell
count taken. The bulk of cells were recentrifuged to remove sea-
water and resuspended in 200–500 l of HCl/DTPA (0.1 M/5  mM)
to give a final cell concentration >4 × 108 cells/ml for control cells
and >2 × 108 cells/ml for copper exposed cells. The resuspended
cells were immediately heated (90 ◦C for 2 min) to extract thiols
from the cell and cooled at 4 ◦C for at least 1 h prior to derivati-
sation, using a modified method from Lavoie et al. (2009) and
Le Faucheur et al. (2005). The extracted cells were centrifuged
(4 ◦C, 10,000 × g, 10 min) to pellet cellular debris. The supernatant
(100 l) was combined with 280 l of a reducing agent in a
basic buffer (0.7 mM TCEP (tris(2-carboxyethyl)phosphine) in a
200 mM/5  mM 3-[4-(2-hydroxyethyl)-1-piperazinyl] propanesul-
fonic acid (HEPPS)/DPTA buffer at pH 8.2) for 20 min  at room
temperature. The reduced thiol groups were reacted with 40 l
of 10 mM monobromobimane (mBrB) for 10 min  in the dark.
The solution was combined with 40 l of 100 mM cysteine solu-
tion and returned to the dark for a further 10 min. This step
removed excess mBrB, which appears as an interference peak dur-
ing chromatography. The resulting cysteine peak that appears in
the chromatogram does not interfere with either the GSH or PC
peaks and serves as a confirmation that the desired fluorescent
tagging reaction took place. To quench the reaction, 40 l of a 1 M
methane sulfonic acid solution was added. Samples were stored
for a maximum of 3 weeks prior to HPLC analysis. Standards of
GSH (Sigma Aldrich, Australia) and PC2–5 (Anaspec, USA) were pre-
pared as per cellular samples except the 100 l of supernatant
was replaced with dilutions of a 100 M solution (in HCl/DTPA
(0.1 M/5  mM))  to achieve a calibration range from 1 to 75 M for
GSH and 100 nM to 20 M for PC2–5. At least one sample per analysis
batch was spiked with PC2–5 to ensure the correct peaks were cho-
sen for analysis. This method is henceforth called ‘the fluorescence
method’.
Chromatographic separation was performed by HPLC (Shi-
madzu LC-10AD with online RF-10AXL fluorescence detector)
and the data compiled using Class VP software (Version 6.14
SP2). Thiols were separated using a reverse phase C18 column
(250 mm × 4.6 mm,  particle size 5 m,  Phemomenex, SphereClone
ODS (1)) and detected by fluorescence at 380 nm excitation and
470 nm emission wavelengths. The gradient elution programme
used 0.1% trifluoroacetic acid (TFA) in ultrapure Milli-Q water (sol-
vent A) and 100% HPLC grade acetonitrile (solvent B). A linear
gradient of solvent B from 10 to 35% for 65 min  at a flow rate of
1 ml/min was used. The column was washed with 100% solvent B
for 5 min  and re-equilibrated at 10% solvent B for a further 5 min. A
50 l injection volume was used.
In order to calculate total thiols present as PC it was  nec-
essary to account for the number of thiols per molecule of PCx
chain length, that is, PC2 has two thiol groups, PC3 has three
thiols and so on. Therefore, the total thiol as PC was calculated
using Eq. (1). As GSH contains only one thiol, no changes were
required.
Total thiol as PC = 2[PC2] + 3[PC3] + 4[PC4] + 5[PC5] (1)
2.3. Enzymatic total and oxidised glutathione analysis by
absorbance
The GSH method was  adapted from a commercially available
kit with modifications as per Stoiber et al. (2007). Chemical extrac-
tion was not a feasible method for releasing glutathione content
from the algal cells, as the chemicals may  react with the glu-
tathione, compromising its redox state. An alternative extraction
method was identified based on a freeze/thaw cycle of −80 ◦C/4 ◦C
of Stoiber et al. (2007) and was optimised for the cells used in
this study. Cell disruption efficiency for the enzymatic method
was determined for each diatom. After each freeze/thaw cycle
(up to 5 cycles) flow cytometry was used to quantify remain-
ing intact cells, and the percentage cell disruption was  calculated
to determine maximum cell disruption for each species. This
method was  optimised for marine diatoms in the presence of
copper. Quality control checks were performed, and the data
was accurate with glutathione recovery in GSSG spiked samples
being 80 ± 20% for P. tricornutum and 90 ± 20% for C. closterium.
It was determined that separate calibration curves were required
for GSH and GSSG due to the addition of the 2-vinylpyridine,
however the presence of copper did not significantly inhibit the
assay and therefore an additional calibration curve to compensate
for copper in the lysed cells was not needed (data not shown).
Degradation of the samples over 60 min  (incubation time) at
ambient temperature was also found to be negligible (data not
shown).
After 72-h exposure bioassays, algal cells were centrifuged
(2000 × g, 5 min, 21 ◦C), washed twice, resuspended in filtered sea-
water, and an aliquot taken for cell density analysis. Seawater was
removed by centrifugation and cells resuspended in a 50:50 filtered
seawater: 10% metaphosphoric acid solution for deproteination,
transferred to Eppendorf tubes and immediately frozen at −80 ◦C
(ULT Freezer, Thermo Forma). Cells were lysed by four freeze–thaw
cycles, and the lysate separated by centrifugation (20,000 × g,
5 min, 4 ◦C). Lysate was  stored at −20 ◦C overnight prior to analy-
sis. Immediately prior to the analysis, cell lysates were neutralised
to approximately pH 6.5 with triethanolamine. To determine GSSG
an additional step was required where 100 l of lysate was treated
with 1 l of 2-vinylpyridine (1 M,  in ethanol; Sigma–Aldrich)
and incubated under ambient conditions for 1 h as per assay kit
instructions.
GSSG standards were prepared at 0, 0.25, 1.0, 2.0 and
8.0 M from a concentrated GSSG standard (Item no. 703014,
Cayman Chemical Company) and diluted MES  buffer (0.4 M 2-(N-
morpholino)ethanesulfonic acid, 0.1 M phosphate and 2 mM EDTA;
pH 6.0, diluted 50% in Milli-Q water). Assays were performed in
a polystyrene flat bottom 96-well microplate (Greiner Bio-one).
GSSG standard or filtered lysate (100 l) was  added to a well with
150 l of freshly prepared assay cocktail mixture based on Stoiber
et al. (2007). Standards and samples were analysed in triplicate
at 405 nm in 5 min  intervals for 30 min  using a POLARstar Omega
Microplate Reader (BMG Labtech, Germany). Concentrations of
GSSG and total GSH were determined against the 2-vinylpyridine
treated and non-treated calibration curves, respectively. The aver-
age absorbance of each standard and sample was plotted as a
function of time to determine the slope (referred to as i-slope). The
i-slope of each standard was  then plotted against the concentration
of GSSG or total GSH to determine the slope (referred to as f-slope)
and y-intercept. Sample concentrations were calculated as per Eqs.
(2) and (3) for total GSH and GSSG, respectively. In the presence
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of the glutathione reductase, GSSG was reduced to produce 2 mole
equivalents of reduced GSH. Reduced GSH was therefore calculated




(i-slope of sample) − (y-intercept of total GSH standard)
f-slope of total GSH standard
]




(i-slope of samle) − (y-intercept of GSSG standard)
f-slope of GSSG standard
]
× dilution factor (3)
[Reduced GSH] = [Total GSH] − 2[GSSG] (4)
2.4. Copper analysis
Cells previously exposed for 0.5, 3, 6, 24, 48 and 72 h to cop-
per at the relevant IC50 were concentrated, rinsed with filtered
seawater then washed for 20 min  with an EDTA buffer (0.01 M
EDTA, 0.1 M KH2PO4/K2HPO4 buffer, pH 6.0, salinity adjusted to
2.5%) to remove extracellularly bound copper. The cell suspen-
sions were centrifuged, the supernatants discarded, and the pellet
digested overnight in 1 ml  of an 80:20 mix  of conc. HNO3 (Tra-
cePur, Merck) and H2O2 (Suprapur, Merck) at 21 ± 1 ◦C. Digests
were diluted to 5% HNO3 for copper analysis. Digestions of certi-
fied reference material DOLT-3 (dogfish liver) were determined to
verify complete digestion, and values were 94 ± 2% of certified val-
ues for copper. The copper concentrations determined from this
cell washing and digestion method were operationally defined as
intracellular copper. The dissolved copper added to natural sea-
water (acidified to 0.8% HNO3 (TracePur, Merck)) and within cells
(intracellular copper, acidified to 5% HNO3) were measured by
inductively coupled plasma-atomic emission spectroscopy (ICP-
AES, Agilent Varian 730-ES). Copper concentrations were calculated
from a matrix-matched calibration curve (clean seawater or ultra-
pure water, acidified with 0.8% or 5% HNO3, respectively) using
serial dilutions of a mixed metal standard (QCD Analysts, Eagle-
wood, FL, USA). A drift standard was incorporated into the analysis
procedure. The detection limit for copper was typically ≤2 g Cu/l.
Dissolved copper concentrations were determined for each flask
individually and averages for each treatment presented. As each
treatment (and replicate) was performed in a separate flask, there is
variation in copper exposure concentrations between treatments.
Where there is no significant difference between treatments, aver-
ages were presented.
2.5. Statistical analysis
Comparisons between means for statistically significant differ-
ences was carried out using a t-test for comparison of two  means
(p < 0.05).
3. Results and discussion
3.1. Metal exposure and growth inhibition
In each bioassay the goal was to achieve a constant cop-
per concentration at 72-h IC50 based on Levy et al. (2007),
(8.0 g Cu/l (126 nM)  and 18 g Cu/l (283 nM)  for P. tricornutum
and C. closterium,  respectively) throughout the test duration. For
P. tricornutum the average (±SE) copper concentration over each
interval was 14 ± 2 g Cu/l (220 ± 30 nM), which resulted in a
50 ± 6% growth inhibition at 72 h. For C. closterium the dissolved
copper concentration in solution decreased due to copper adsorp-
tion to the cells, resulting in average exposure concentrations of
7 ± 1 (110 ± 20), 10 ± 2 (160 ± 30), and 21 ± 1 (330 ± 20) g Cu/l
(nM) for 0.5–6 h, 24 h and 48–72 h, respectively, achieving 34 ± 2%
growth inhibition at 72 h. Although this change in copper exposure
complicates the interpretation of the results, a clear pattern was
still observed (Sections 3.4, 3.5 and 3.6).
3.2. Intracellular copper content
P. tricornutum and C. closterium are similar in cell structure,
shape, size, and sensitivity to copper, yet they contained very dif-
ferent amounts of intracellular copper (Table 2). Over the first 6 h
intracellular copper was similar across both species, however by
48 h C. closterium had exponentially increased intracellular copper,
and by 72 h contained almost five times more copper than P. tri-
cornutum (900 ± 100 and 190 ± 50 amol Cu/cell, respectively). The
decrease in intracellular copper in P. tricornutum at 24 h is likely
due to the lower copper exposure and does not fit into the linearly
increasing intracellular copper trend seen in previous work (Levy
et al., 2008).
3.3. Extraction of thiols
3.3.1. Fluorescence method extraction efficiency
The extraction efficiency of thiols (Section 2.2) from P. tricor-
nutum and C. closterium was  similar; both achieved ∼80% in first
extraction (77.2 ± 0.8% and 81.9 ± 0.4%, respectively (±SE)). Second
extractions were ∼15% (17.2 ± 0.6% and 14.9 ± 0.4%, respectively),
and third extractions were ≤6% (5.6 ± 0.5% and 3.2 ± 0.1%, respec-
tively). Only one extraction was  performed hereafter and extraction
efficiencies were used to calculate total thiols from this single
extract. PC being present at concentrations well below GSH meant
that beyond the first total PC extract of ∼80%, further extractions
resulted in concentrations below the limit of detection of this
method and extraction efficiencies could not be directly deter-
mined.
3.3.2. Enzymatic method: cell disruption efficiency
The extraction efficiency for the enzymatic analysis method
(Section 2.3) was  determined based on the proportion of cells
within the test population that were successfully lysed. In the
development of this cell disruption method, the number of
freeze/thaw cycles at −80 ◦C/4 ◦C required to rupture the maximum
number of cells was determined. Cell breakage for both species
reached a plateau and was  not significantly different after four
cycles (Fig. 1). Cell disruption (±SE) was  determined to be 92 ± 7%
and 70 ± 10% for P. tricornutum and C. closterium,  respectively. In
this method, it has been assumed that cell rupture completely lib-
erated GSH from the cell.
3.4. Total glutathione and PC by fluorescence method
The intracellular concentration of total thiols as either total GSH
or total PC2–5 were determined by the fluorescence method after
0.5, 3, 6, 24, 48 and 72 h of copper exposure (Section 3.1) in P. tri-
cornutum and C. closterium.  Total thiols were also determined in
copper-exposed (n = 3) and unexposed control cells (n = 6) by the
fluorescence method (Fig. 2).
The copper-induced changes in total GSH  varied between the
two diatom species. Total GSH concentrations in P. tricornutum
decreased immediately after exposure (0.5 h), but returned to con-
trol levels (110 ± 30 amol/cell) after 3 h. Total GSH continued to
increase linearly from 6 to 72 h. A similar response was  observed in
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Table 2
Intracellular copper concentrations in Phaeodactylum tricornutum and Ceratoneis closterium over 72 h (mean ± SE, n ≥ 3).


















a 24 ± 1 (380 ± 20) 16 ± 2 (250 ± 30) 10.8 ± 0.8 (170 ± 10) 8.2 ± 0.3 (129 ± 5) 11.3 ± 0.3 (178 ± 5) 11 ± 3 (170 ± 50)























number of freeze/th aw cycles
Ceratoneis closteri um Pha eoda ctylum tri cornu tum
Fig. 1. Cell disruption efficiency (as % of controls) relative to number of −80 ◦C/4 ◦C
freeze–thaw cycles.
Morelli and Scarano’s (2004) investigations in which they exposed
P. tricornutum to ∼50 times greater Cu concentrations than used
in the current study; however in their study, the return to control
levels of total GSH was slower. This delay likely corresponds to the
significantly higher copper concentration of 10 M (635 g Cu/l).
The decrease in GSH immediately after metal exposure observed in
the present study can be explained (in part) by the production of
PC, which consumes GSH to synthesise longer polypeptide chains.
The exposure to copper induced an immediate increase in PC con-
centrations in P. tricornutum, total PC increased from 2.4 ± 0.6 to
31 ± 4 amol SH/cell in just 30 min  of exposure. This sharp increase
in PC concentration continued for 6 h (Fig. 2). P. tricornutum exhib-
ited a continual increase of thiols as both GSH and PC from 0.5 to
72 h of exposure. Total PC up to 6 h of exposure increased linearly,
and a steady increase was also observed between 24 and 72 h.
Changes in total GSH in C. closterium over time were quite
different to that in P. tricornutum. Total GSH increased in C.
closterium reaching total GSH concentrations double that of con-
trol cells within 3 h (420 ± 70 amol/cell). Total GSH then decreased
slowly over 24 h back to control levels (210 ± 30 amol/cell), these
levels persisted at the 48 h measurement. However, after 72 h
Cu-exposure, total GSH/cell decreased to ∼100 amol, which cor-
responds to ∼40% less than that of control concentrations. This
result is supported by previous studies on C. closterium (formerly
Nitzschia closterium)  in which decreased intracellular thiol con-
tent was  observed following 24 h copper exposure at 175 g Cu/l
(Stauber and Florence, 1986). PC concentrations initially increased
from 2.0 ± 0.3 to 40 ± 10 amol PC/cell in the first 0.5 h and remained
reasonably steady until 24 h where concentrations rose again,
reaching 170 ± 40 amol/cell after 48 and 72 h exposures. This rise is
likely to be due to both the exposure copper concentration increas-
ing (Section 3.1) and the longer exposure time. It appears as though
Fig. 2. Total phytochelatin (PC) and total glutathione in (A) – P. tricornutum and (B) – C. closterium over 72 h at IC50 values of copper exposure (mean ± SE, n ≥ 3).
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C. closterium’s acute defence in the first 24 h relies heavily on total
GSH and at longer exposures PC plays a more active role. The metal
internalisation studies (Table 2) have shown that C. closterium inter-
nalises relatively little copper in the first 24 h with large increases at
48 and 72 h exposures which may  also contribute to the relatively
low PC concentrations in the first 24 h.
Interestingly the total GSH expression over time for P. tricor-
nutum and C. closterium mirrored each other, with P. tricornutum
showing an upward trend of glutathione production over longer
copper-exposures and C. closterium showing a downward trend.
This suggests opposite glutathione responses to metal exposure,
which was not expected based on the similarities between the two
species. At 72 h, P. tricornutum has internalised almost 5 times less
copper than C. closterium,  thus it was expected that C. closterium
would have more effective intracellular detoxification mecha-
nisms. However, total GSH content and phytochelatin production
were comparatively lower in C. closterium than P. tricornutum, sug-
gesting that there may  be other detoxification mechanisms within
C. closterium that enable it to tolerate higher intracellular copper.
P. tricornutum on the other hand has a very linear increase in both
phytochelatins and glutathione content over the entire 72-h expo-
sure suggesting that it is utilising the total GSH and PC metabolism
to manage metal stress differently to C. closterium.
The inhibition of population growth may  not be caused by the
same mechanism in both species. C. closterium showed a decrease in
glutathione which could cause (or be an effect of) cell systems slow-
ing down/shutting down thereby limiting the growth of copper
stressed cells. Studies investigating effects of glutathione deple-
tion of Arabidopsis plants showed that root cellular division ceased
when intracellular glutathione was depleted (Vernoux et al., 2000).
Root growth resumed when reduced glutathione was added, how-
ever oxidised glutathione did not permit recovery of the root cells
back to a healthy dividing condition.
The significantly lower intracellular copper in P. tricornutum
compared to C. closterium would suggest that P. tricornutum
excludes copper from entering the cell or has a higher copper efflux
rate. This may  have an energy cost to the cell leading to growth
inhibition.
3.5. Total, oxidised and reduced glutathione by enzymatic method
Concentrations of total GSH and PC in the cells do not sufficiently
explain the different modes of action of copper in these two  marine
diatoms. To investigate further, the redox state of the intracellular
glutathione pool was measured.
The total GSH concentrations within the copper-exposed algae
followed the same general trend as measured by the fluorescence
method (Table 3). There was an initial decrease in total GSH con-
centration at 0.5 h in P. tricornutum followed by recovery by 6 h,
with 160 ± 50 amol glutathione/cell after 72 h of copper expo-
sure, significantly more than in control cells (90 ± 10 amol/cell). C.
closterium showed a similar initial decrease in total GSH and subse-
quent return to control levels (240 ± 30 amol/cell). After this initial
period, total GSH in C. closterium decreased until it was half that of
controls after a 72-h exposure, a trend which is consistent with the
fluorescence method (Section 3.4).
Although the absolute amount of total GSH in the algae dif-
fered from the fluorescence method, the same general trend was
observed. The exception was the increase in GSH between 0 and
3 h in C. closterium from the fluorescence method, which was not
observed in the enzymatic method. The difference in absolute total
GSH concentrations can be explained by more closely examining
the differences in the two methods. The fluorescence method uses
an HPLC to separate the components prior to detection, and this
generally provides sufficient resolution. However, two  molecules
with similar physical characteristics may  co-elute, thereby
artificially appearing to increase the concentration of one or more
of the measured components. Previous studies, such as Lavoie et al.
(2009), were able to detect a precursor to GSH, -EC, as well as GSH
on the HPLC chromatogram. In this study, -EC was  not observed
and may  have been combined into the GSH peak, thereby making
the total GSH concentration appear to be greater. Any compound
with similar properties that could co-elute with glutathione, for
example homoglutathione (Alanine (A) – C – E) could also cause
the total GSH concentration to appear to be higher than the actual
concentration. The enzymatic (kinetic) method however measures
only the GSH that is specifically able to interact with the glutathione
reductase (GR) enzyme. This more accurately interacts with the tar-
get molecule, glutathione, however if intracellular reactions have
affected glutathione’s ability to interact with GR it may not be mea-
sured and therefore may  give a lower concentration of GSH. By
using two different methods, a clearer idea of the composition of
GSH within the cell is obtained, as well as a more accurate inter-
pretation of the concentration of total thiols.
The kit assay enabled measurement of the oxidised glutathione
disulfide (GSSG) and calculation of reduced GSH by difference from
the total GSH. A marked difference in the ability of P. tricornutum
and C. closterium to maintain a reduced glutathione pool became
apparent (Table 3 and Fig. 3). P. tricornutum was able to maintain
its reduced glutathione pool at approximately 70% (range 58–80%)
for the duration of the copper exposure (Fig. 3). In contrast,
the percentage of reduced glutathione increased slightly in C.
closterium in the first 3 h (from 50 to 73%), however this decreased
rapidly by 6 h to 19% of the total GSH. The reduced GSH remained
low and decreased to <5% after the 72-h Cu-exposure (Fig. 3). These
low concentrations of reduced GSH indicate high oxidative stress
(Schafer and Buettner, 2001) that would affect the cells ability to
maintain cellular functions that require redox compounds, such
as GSH and others involved in the glutathione-ascorbate pathway
(Di Toro et al., 2001; Mendoza-Cózatl et al., 2005). GSH is used
here as an indicator for the redox health of the cell. There are
numerous other processes that rely on a balance of a redox pair,
including cellular respiration, therefore if GSH:GSSG ratios have
been affected by copper exposure other redox pairs within the cell
may  have also been affected. An imbalance in the redox pair ratio
within a cell could certainly contribute to the observed toxicity and
growth inhibition in C. closterium.  Copper may  cause an increase in
oxidised glutathione in a number of ways including the direct oxi-
dation of GSH. Copper may  potentially be interfering with one or
more components from the complex ascorbate-glutathione redox
cycle and therefore be inhibiting or preventing recycling of GSSG.
In vitro studies have shown that glutathione reductase (GR) activ-
ity decreased in the presence of Cu2+, thereby affecting the ability
of the cell to maintain the GSH:GSSG ratio, this change in ratio
may  inhibit spindle formation in mitosis and hence cell division
(Florence and Stauber, 1986). However GR activity in P. tricornutum
was shown to decrease initially (0–6 h) and return to enzymatic
activity levels above controls after 24 h of copper exposure (Morelli
and Scarano, 2004), suggesting that this may  be a species specific
response. An inhibition of the glutathione-ascorbate redox cycle
could cause the cell to consume the reduced GSH in other cellular
processes (including PC production) faster than new GSH could
be synthesised and/or recycled by the cell. This would explain the
observed build-up of GSSG and the decreased total GSH at longer
copper exposures in C. closterium.  In a different algae, Stoiber et al.
(2007) observed a dose-dependent decrease in total GSH when C.
reinhardtii was  exposed to copper from 0 to 80 nM (0–5 g/l) at 6 h
and 24 h. They observed that higher copper concentrations induced
a greater decrease in total GSH from 6 to 24 h. They also found that
increasing copper concentrations decreased the GSH:GSSG ratio, as
a result of decreased reduced GSH after 6 h and decreased reduced
and oxidised GSSG after 24 h. This was also observed in C. closterium
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Table 3
Intracellular glutathione content as total, oxidised (2* GSSG) and reduced glutathione over 72 h in P. tricornutum and C. closterium.
Exposure (h)
Control 0.5 3 6 24 48 72
Phaeodactylum tricornutum (amol SH/cell)
Total 90 ± 10 12 ± 4 50 ± 4 116 ± 6 63 ± 4 100 ± 10 160 ± 50
Oxidised (2 × [GSSG]) 18 ± 5 a 19 ± 5 32 ± 1 22 ± 6 29 ± 7 70 ± 10
Reduced 68 ± 8 a 31 ± 6 83 ± 5 50 ± 10 70 ± 10 90 ± 40
Ceratoneis closterium (amol SH/cell)
Total 240 ± 30 115 ± 7 141 ± 5 250 ± 20 196 ± 9 160 ± 10 120 ± 10
Oxidised (2 × [GSSG]) 120 ± 10 40 ± 20 38 ± 4 200 ± 30 150 ± 20 160 ± 10 110 ± 10
Reduced 120 ± 30 80 ± 20 103 ± 4 50 ± 10 50 ± 30 8 ± 1 4 ± 3
a Below limit of detection (0.25 M,  ∼5 amol/cell).
Fig. 3. Reduced GSH as a percentage (±SE, n ≥ 3) of total GSH in two  marine diatoms (A) – P. tricornutum and (B) – C. closterium over 72 h. 0.5 h measurements for P.
tricornutum’s  oxidised glutathione ratios were below detection limits and thus reduced GSH could not be determined. Bars with the same letter (within same species)
indicate  no significant difference.
in this study, however in contrast to this, P. tricornutum was able
to maintain its reduced GSH pool. In subsequent cadmium-based
studies, Stoiber et al. (2010, 2012) observed increasing intracellular
cadmium and total GSH after 24 h exposure with little effect on
the GSH:GSSG ratio in C. reinhardtii.  Unlike copper, cadmium is
not a redox active metal, therefore differences in its interaction
glutathione could be expected. When considering the amount of
intracellular metal, increasing intracellular copper decreased total
GSH and the GSH:GSSG, which corresponds with the observations
in the present study for C. closterium.  However, P. tricornutum
exhibited a trend of increasing total GSH as a result of copper
exposure, similar to the one seen in C. reinhardtii from cadmium
exposure, despite copper being a redox active metal, indicating a
species-specific mechanism of responding to metal-exposure.
3.6. PC production (by fluorescence method)
The effect of copper exposure on the production of specific PCs
was investigated in each diatom and the production of PC2–5 was
quantified. Total PC in control cells was <2 amol SH/cell for both
P. tricornutum and C. closterium.  Control levels of phytochelatins in
both diatoms were similar with concentrations of <1.5 amol/cell for
each type of phytochelatin.
P. tricornutum rapidly responded to copper exposure, increasing
PC levels to >900% of controls within 30 min. This acute response is
surprising as by 30 min  there was no increase detected in inter-
nalised copper. PC5, which contains five thiol groups, was  not
detected in control cells, however it was present at 0.8 amol SH/cell
in cells harvested after 0.5 h of copper exposure. There was a
consistent increase in PC2–5 production over the 72-h period in
P. tricornutum with concentrations of each PC2–5 increasing by
100–200% with increasing exposure duration (Fig. 4). PC2 and PC3
had very similar production patterns, with PC2 being the most
abundant phytochelatin followed closely by PC3 (approximately
50% and 35%, respectively). PC4 and PC5 had lower though still
increasing production over the same time periods (approximately
14% and 4% abundance, respectively). The P. tricornutum chro-
matograms displayed peaks that were smaller than those of PC5, at
an elution time that would be consistent with PC6, however without
a standard to verify this we were unable to confirm the compound.
The production of longer PC chain lengths consumes some of the
PC2 in the chain elongation process, and thus the rate of shorter PC
production is higher than the net production observed (Tsuji et al.,
2005; Vatamaniuk et al., 2004). Unexpectedly a plateau in PC2 lev-
els was  not observed despite longer chains lengths being produced.
This highlights P. tricornutum’s ability to maintain PC production
throughout the 72 h copper exposure, perhaps in part explaining
why it was able to maintain a redox balance similar to control cells
throughout the 72-h copper exposure (Section 3.5, Fig. 3).
C. closterium exhibited rapid copper-induced PC production over
the first 3 h of exposure; the PC concentrations then plateaued until
48 h when a significant increase in PC occurred. This plateau is likely
due to cell division events prior to cell harvest thereby effectively
halving the metal and PC concentration per cell. The intracellu-
lar copper concentration exponentially increased at 48 h (Table 2)
corresponding with the sudden and large increase in PC concentra-
tions within C. closterium cells (Fig. 4). PC concentrations after 0.5 h
of copper exposure had an observed increase of ∼1600% for PC2 and
600% for PC3. The apparent increase in PC4 at 0.5 h is unlikely to be
PC4 as the concentration seen at 0.5 h was  not observed at any other
time point. It may due to another compound with similar proper-
ties, such as polarity and size, co-eluting in the same peak due to
insufficient separation on the HPLC. Although C. closterium’s PC pro-
duction was partially obstructed by the inconsistencies in copper
exposure between the short (0–24 h) and longer (48–72 h) expo-
sures, a large change in the GSH ratios, and PC2 and PC3 levels, can
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Fig. 4. Phytochelatin production in two marine diatoms: Phaeodactylum tricornutum
and Ceratoneis closterium. PC2–5 are measured and quantified as amol SH/cell – error
bars represent one standard deviation (n ≥ 3). *This result is unlikely to be PC4 but
something else co-eluting artificially increasing the apparent concentration.
be attributed to the longer time exposure and greater intracellular
copper concentration (Table 2).
In the first 6 h of copper exposure the production of PCs in P.
tricornutum and C. closterium was very similar, with the excep-
tion of the absence of PC5 in C. closterium.  During the first 6 h,
both species internalised similar amounts of copper (Table 2) and
this was reflected in very similar phytochelatin production. After
24 h the increases in intracellular copper were much greater for C.
closterium and thus it was expected that more PC would be pro-
duced in response, however, this was not the case. Interestingly
PC5 was produced in C. closterium after 72 h exposure, perhaps at
the expense of further PC2 production as the concentration of PC2
appeared to plateau between 48 and 72 h.
In both species the dominant PC was PC2 followed by PC3. The
sum of thiols from PC2 and PC3 totalled approximately 80% of total
PC at each time point in both species, showing a relatively consis-
tent distribution of PC even as total PC increased. P. tricornutum
synthesised longer chain lengths in comparison to C. closterium
across all exposure durations, as PC5 was detected in all P. tricornu-
tum copper exposed populations, but was only detectable at 72 h
for C. closterium.  This delayed response in producing the longer PC
chain lengths may  be due to other mechanisms responding to intra-
cellular copper or the requirement of more copper within the cell to
trigger longer PC production. In any case the longer chain length of
phytochelatins are known to bind more strongly to copper (Mehra
et al., 1995) however P. tricornutum’s ability to generate PC5 in
comparison to C. closterium has not increased its copper tolerance
with respect to population growth and cell division.
Previous studies have investigated the different effects of metals
on phytochelatin production, however the majority of these have
studied cadmium, and most have observed multiple concentrations
but not multiple time points (Table 1). These studies found that
increasing cadmium exposure concentrations in species such as C.
reinhardtii, P. subcapitata and Scenedesmus vacuolatus,  increases the
abundance of the longer chain length PC (England and Wilkinson,
2011; Lavoie et al., 2009; Le Faucheur et al., 2005). Morelli and
Scarano (2004) have studied the effect of copper on PC content
in P. tricornutum at several time points from 0 to 48 h, however
the copper concentration used was very high (10 M,  635 g/l),
not environmentally realistic and far above the observed IC50 for
this species. Interestingly though, their results are similar to those
observed in this study with PC2–6 detected and PC3–6 increasing
steadily from 0 to 7 h. A plateau in PC2 production was  observed
as longer chain length PCs became the most abundant species, a
trend not observed in the current study, perhaps because of the sig-
nificantly lower copper concentrations used. Morelli and Scarano
(2004) measured only total PC beyond 7 h of copper exposure, how-
ever a consistent increase in total PC over 48 h of exposure was
observed. Cd and Pb induced very similar results for total GSH
and total PC in P. tricornutum after 7 h of exposure (Morelli and
Scarano, 2001) however Cd induced longer chain lengths whereas
Pb induced PC2 in far greater concentrations than any other PC
detected. This highlights that different metals induce very different
effects within the same algal species and therefore care needs to be
taken when comparing studies of different metals.
3.7. Other thiol-like compounds
In addition to GSH and PC, a number of other mechanisms have
been suggested as possible detoxification pathways in other algal
species. In particular, synthesis of thiols that are not canonical PCs
was observed in C. reinhardtii (Bräutigam et al., 2009). The com-
pounds were similar in structure to PCs with one or more changes
to the amino acid sequence in the form of additional, missing
or substituted residues, or a combination. The PC-like structures
identified in C. reinhardtii include CysPCn, PC2Ala, CysPCndesGly,
PCndesGly, CysPCnGlu, and PC2Glu. These thiols were observed in
C. reinhardtii following 48 h of 70 m Cd exposure (Bräutigam et al.,
2009). Other studies on C. reinhardtii and P. subcapitata (Lavoie
et al., 2009) have also identified ‘other thiols’ in quantities compa-
rable to PCn, constituting between 20 and 50% of total SH within
the cell, depending on Cd exposure concentrations. These other
thiols had a greater presence in C. reinhardtii the more tolerant
of the two species tested suggesting that these alternate PCs may
provide greater metal sequestration and detoxification abilities
through attributes such as a stronger affinity for metal. These other
thiols could be detected by the fluorescence method used in this
study however due to the derivatisation required for detection,
mass spectrometric analysis would be difficult. As only GSH reacts
with glutathione reductase (GR), these other thiols would not be
detectable in the enzymatic method.
4. Conclusions
Despite the similarities of these two diatoms in size, shape and
copper sensitivity, the algae have clear differences in metal accu-
mulation and intracellular detoxification strategies. C. closterium
internalised almost 5 times more copper than P. tricornutum after
72 h of exposure. Consequently, intracellular thiols in this species
were oxidised and this disruption of the GSH:GSSG ratio likely
caused the inhibition of cell division. In contrast, P. tricornutum
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increased its synthesis of intracellular glutathione, maintaining
the GSH:GSSG ratio. P. tricornutum also synthesised phytochelatins
of various chain lengths without depleting the glutathione pool.
Despite induction of these detoxification mechanisms in P. tricor-
nutum, growth inhibition of 50 ± 6% at low copper concentrations
was still observed, suggesting either an energy cost to the cell or
alternative modes of copper toxicity not examined in this study.
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